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ABSTRACT
This work studies the sustainable use of blockcopolymers (BCPs) in aims to reduce dependency in
oil. This work focused on the design and development of new materials that can provide “green” substi-
tutes to petroleum based products. Our two main areas of interest are: alternative power sources, more
specifically polymer electrolyte fuel cells (PEFCs), and the synthesis of vegetable oil based thermo-
plastic elastomers. Research on PEFCs focused on developing a new cathode catalyst layer membrane
comprised of a mesoporous block copolymeric nanocomposite that will satisfy (1) electrical conduc-
tivity, (2) proton conductivity, (3) oxygen transport in, (4) and water transport out via the self-assembly
of BCPs. The proposed design is highly tunable in that many of the parameters (e.g., pore diameter,
ionomer content) are independently adjustable. To attain this we made use of BCPs containing charged
species, e.g., the sulfonic acid (SO–3) group, giving the membrane the ability to possess ion exchange
(proton conductivity) capabilities. Furthermore we examined the thermodynamic behavior of diblock
copolymers representing the binary pairs of the ternary system: poly(dimethylsiloxane)/poly(ethylene-
stat-propylene)/poly(styrene-ran-styrene sulfonic acid), D/EP/SS in lieu of understanding the interac-
tion an be able to predict a desired molecular architecture. SWNTs were noncovalently attached, using
a phase inversion method, to the BCPs to serve for electron conductivity. Lastly SSEPD triblock copoly-
mers were synthesized to locate their different molecular architecture along the triphase diagram. We
employ small angle x-ray scattering, electron microscopy, and rheology to characterize the order-to-
disorder transition temperature TODT and lamellar period d of 28 materials with varying molecular
weights and sulfonation extents.
Research on thermoplastic elastomers focused on creating a replacement for the Styrene-Butadiene-
Styrene (SBS) petroleum based BCP with the use of vegetable oils, e.g., soybean oil (SBO). We present
—for the first time— two distinct controlled radical polymerization techniques of a vegetable oil. To
xxi
date, moderate success has been achieved through the application of traditional cationic and free radi-
cal polymerization routes to vegetable oils to yield thermoset plastics. The success of the technology
on vegetable oils such as soybean oil is surprising, as conventional radical polymerization typically
brings the polymerization of triglycerides into thermoset materials, whereas our present research suc-
cessfully controls the polymerization of triglyceride so that it terminates at a desired molecular weight
and block composition and produces thermoplastic polysoybean oil. Different methods of synthesizing
elastomeric block copolymers using acrylated epoxidized soybean oil (AESO) and styrene are dis-
cussed: i.e., Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-Fragmentation
chain Transfer (RAFT). Each technique was able to individually create diblock and triblock copoly-
mers, resulting in polymers that are predominantly non-crosslinked linear or with lightly branched
chains. These materials behave as elastomers/rubbers at room temperature but are susceptible to com-
mon processing techniques at elevated temperatures, making them suitable for a wide range of appli-
cations. Elastic properties of the final polymers outperformed the petroleum based Kraton R©.
1CHAPTER 1 LITERATURE REVIEW
General Introduction
This work studies the sustainable use of blockcopolymers (BCPs) in aims to reduce the dependency
in oil. This work focuses on the design and development of new materials that can provide “green”
substitutes to petroleum based products. Our two main areas of interest are: alternative power sources,
more specifically polymer electrolyte fuel cells (PEFCs), and the synthesis of thermoplastic elastomers
based on vegetable oil and biorefinery wastes streams (glycerol). The recent boost in exploration and
commercialization of new ways of generating energy has its origins in the disproportionate increase in
oil prices caused by estimates that liquid fossil fuels, the primary source of gasoline, are not going to last
for more than a century. Although the reserves for natural gas, coal and tar sands may last for another
two or three hundred years their conversion to mobile fuel is not efficient nor pollution free.1 Moreover,
the world’s oil demand is set to increase 50% by 2030, reaching approximately 125 million barrels per
day,2,3 where transportation accounts for 74% of this increment.4 Nonetheless, the future of fossil fuels
will not improve until users and manufactures understand the financial benefits of switching to clean
energy sources.1,4 Solar power, wind power, hydroelectricity, geothermal, and electrochemical energy
(fuel cells) are a few examples of sustainable alternatives, where the latter offers some of the most cost-
effective opportunities for reducing the demand of oil while lowering environmental pollution.4 In
the other hand, vegetable oils have been considered as monomeric feedstocks for the plastics industry
for over 20 years. Polymers from vegetable oils have obtained increasing attention as public policy
makers and corporations alike have been interested in replacing traditional petrochemical feedstocks
due to their environmental and economic impact. In recent years, the cost of the bio-monomer has
become highly competitive, in many cases more economical than petrochemical feedstocks. Soybean
Oil (SBO) the most abundant vegetable oil,5 posses carbon-carbon double bonds that with appropriate
2modification of its double bonds makes them suitable for polymerization.
Fuel Cells
As early as 1839, William Grove discovered the basic operating principle of a fuel cell by joining a
feed of hydrogen and oxygen to electrodes and creating water, demonstrating the existence of a process
opposite to electrolysis.6–8 Ever since, fuel cell science and technology has been evolving as a new way
of transforming chemical energy into electrical energy.1 This increase in fuel cell development is not
likely to diminish in the near future as the “desire for a decreased dependence on petroleum supplies,
lower pollution, and potential for high efficiency are driving the trend toward this alternative power
generation technology”.8 A fuel cell is an electrochemical device that converts chemical energy, stored
in the bonds of atoms, directly into electrical energy, whereas a combustion engine converts the chemi-
cal energy into heat.8 There are several different types of fuel cells, which can be grouped according to
their operating temperature and electrolyte usage.1,9 All of them function under the same basic princi-
pal: at the anode the fuel is oxidized into electrons and protons, and at the cathode, oxygen is reduced
into oxide species.9 The three most common low-medium temperature fuel cells are: the phosphoric
acid fuel cells (PAFCs), the polymer electrolyte membrane fuel cells (PEMFCs), and the alkaline fuel
cells (AFCs) that use a solution of potassium hydroxide in water as the electrolyte (substance contain-
ing free ions that behaves as an electrically conductive medium).8 AFCs operate at a temperature range
of 60 to 200 ◦C with an operating efficiency as high as 55%,9 however, they suffer from CO2 intoler-
ance, which reacts with the electrolyte to form potassium carbonate K2CO3 reducing their electrical
performance over time.8 PAFCs utilize phosphoric acid as their electrolyte and operate at around 160 to
220 ◦C, with a maximum operating efficiency of 40%. PAFCs are mainly known for their durability and
simple water management (since their electrolyte is a highly concentrated acid, water is not required
for conductivity purposes). They are CO tolerable (1-2%) due to their high operating temperatures.
Their main disadvantages are the high operating costs, the low power density, their slow start-up (as
the electrolyte needs to reach a certain temperature in order to become conductive), and the continual
loss of electrolytes in the vapor phase.8 PEMFCs will be addressed later in this paper as they are the
main focus of the present research. In the other end of fuel cells system, the two main types of high
3temperature electrochemical devices are the solid oxide fuel cells (SOFCs) and the molten carbonate
fuel cells (MCFCs). SOFCs have an operating temperature of 800-1000 ◦C, using a solid oxide, yttria
(Y2O2) stabilized zirconia (ZrO2), as their electrolyte. Their elevated operating temperatures help them
reach high operating efficiencies, up to 60%, as conduction is facilitated. SOFCs also have the advan-
tage of being CO tolerant and having fuel flexibility. Although there has been recent development in
the United States on SOFCS their main drawbacks are the long warm-up periods and their short life.8
MCFCs are other high temperature electrochemical devices, with operating temperatures around 600 to
650 ◦C with a molten mixture of alkali metal carbonates (Li−K, or Ni−Cr/Ni−Al) as the electrolyte.
Their main advantage, along with the high operating efficiency (up to 60%), is the lack of expensive
metal catalysts, which reduces the cost of raw material.1,8 Even though this can look like a promising
technology, MCFCs require complex electrolyte management, loss due to its finite vapor pressure, long
warm-up periods, their short life, and the necessity of injecting CO2 to the anode side to preserve the
electrolyte stability.8
Polymer electrolyte membrane fuel cells (PEMFCs), also referred to as proton exchange membrane
fuel cells (PEMFC) and solid polymer electrolytes fuel cells (SPEFC), were first developed by General
Electric and utilized for NASA’s space missions.1 With operation temperatures between 20 to 100 ◦C,
they possess a polymer membrane as their electrolyte. There are several types of fuels used to power
PEMFCs: methanol, alcohol, and hydrogen. In a H2 PEMFC, hydrogen (fuel) and oxygen (oxidizer)
go through the flow fields, see Figure 1.1, diffuse through the porous transport layer, also referred to as
porous diffusion media (thickness of ∼ 200-400 µm), and then through the anode and cathode catalyst
layers (∼ 5-20 µm). Hydrogen is oxidized to H+ at the anode catalyst, with electrons passing into the
microporous layer of the anode porous diffusion media:8
H2 −→ H++2e− (1.1)
Protons move through the center ionomer membrane (50-170 µm) to the cathode catalyst layer
where they react with oxygen and electrons, which are conducted into the layer, to form water by
the reduction of oxygen. Water is drained out through the cathode diffusion media and/or transported
4Figure 1.1: Cross section of a hydrogen fuel cell’s anatomy, reproduced from Ref. 6.
5through the central membrane where it is removed on the anode side.
O2+4H
++4e− −→ 2H2O (1.2)
Hydrogen PEMFCs offer several benefits that make them better than the other fuel cell systems.
They possess a higher power density (>1.3 kW/L), they can be operated at low temperatures (20-
100 ◦C), and because of their simplistic anode kinetics they require the lowest precious metal loadings
of all the other PEMFCs. They are predicted to be the most viable replacement of heat engines and bat-
teries in automotive, stationary, and portable applications,8 such that an increasing number of interna-
tional corporations have started to become involved in the process of developing and commercializing
fuel cells with their supplies being provided by large manufactures such as: DuPont, 3M, Gore, SGL,
and Johnson Matthey.1 Nowadays, PEMFCs are being used to power public transportation through-
out the United States and Europe. In addition, world’s top car manufactures like GM, Ford, Daimler
Chrysler, BMW, Toyota, Honda, Hyundai, and Nissan have also recognized the potential of fuel cells
as means of reduction in the world’s fuel usage, as a vehicle powered by a fuel cell system doubles
the fuel economy of one powered by diesel.8 H2 PEMFC will become a strong contestant against fuel
engines; nonetheless, there are a number of manufacturing, engineering, and marketing challenges that
must be overcome first.10
Catalyst Layer and Cathode Membranes
One of the obstacles for the mass production of PEMFCs is the high cost and scarcity of the Pt
catalyst. It is estimated that only 20% of the catalyst is active for the oxygen reduction reaction (ORR)
to occur.6 As a solution, researchers have increased the specific activity of the ORR by dispersing Pt
catalyst in a high surface area support, helping reduce Pt loadings.11 Additionally, new catalysts are
being developed that utilize nonprecious metals alloyed with Pt (Pt with Fe, Co, Ni, Mn, Cr, and V).
These high surface area catalysts are used presently to further reduce catalyst loadings, but optimization
of the cathode catalyst layer structure is still essential.11 According to Gasteiger and Mathias, total
electrolyte voltage losses in a single electrode (cathode or anode) are to be at least 1.5 times higher
than those in the central membrane; specifically in H2 PEMFCs, those losses are mainly in the cathode
6Figure 1.2: Structure and composition of catalyst layers, (a) Carbon (gray) coated in platinum
catalysts (red) forming 100-nm agglomerates that cluster together to compose the catalyst layer in a
PEMFC. (b) Image depicting the bulk of structure of the cathode catalyst layer. White arrows depict
that water percolation. Reproduced from Ref. 6.
catalyst layer (CCL),10 a consequence of insufficient transport of reactant and products (originated
from the random structure of current CCLs).6
Cathode Catalyst Layer
The CCL is part of the membrane electrode assembly (MEA), the main structure of PEMFCs,
which contains the central ionomer membrane, the two electrodes, and the anode and cathode diffusion
media. CCL is the component of the fuel cell where the power-generating electrochemical reaction oc-
cur and its performance strongly relies on its morphology and preparation method, as it must provide a
facile transport of aqueous protons, electrons, gas-phase CO2 and gas/liquid H2O. The CCL must also
possess a a high electrochemically active surface area where the reactants, catalyst, and proton and elec-
tron conduction are all available.8,12 The state-of-the-art CCL consists of a randomly structured, highly
porous layer (porosity of 0.4-0.6) with a thickness of 5-30 µm in which catalyst particles are deposited
on larger carbon-black particles for physical support, electrical conductivity, and to avoid agglomera-
tion of adjacent catalyst particles trying to minimize their surface free energy;6 see Figure 1.2.8 It is
constituted of a large fraction of perfluorosulfonated ionomer (PFSI, eg Nafion)11 that facilitates ionic
7Figure 1.3: Nafion, pictured schematically here, consists of a hydrophobic fluoropolymer backbone
(red) and a flexible side chain (blue) terminated by a hydrophilic sulfonate group (yellow). Reproduced
and adapted from Ref. 6.
transport to and from the central membrane; and of a fraction of hydrophobic polytetrafluoroethylene
to help in water management.
Nafion, the most common perfluorosulfonated ionomer, consists of a hydrophobic fluoropolymer
backbone and a flexible side chain terminated by a hydrophilic sulfonate group. Polymer chains aggre-
gate to form fibrils made up of a hydrophobic core surrounded by the ionized, hydrophobic side chains,
see Figure 1.3. In the polymer electrolyte, the fibrils agglomerate and randomly self-assemble into re-
gions that are hydrophobic and hydrophilic . The interspersion of hydrophobic regions adds structural
integrity to a hydrophilic composition designed to accommodate the water needed to conduct protons
well without itself dissolving.6
8Figure 1.4: Scanning electron micrographs of NSTF catalysts as fabricated on a microstructured cata-
lyst transfer substrate, seen (a) in plane view with original magnification of ×50,000 and (b) in cross-
section with original magnification of ×10,000. The dotted scale-bar is shown in each micrograph.
Reproduced from Ref. 16.
Additional MEA Preparation Techniques
Morikawa et al and Munakata et al proposed a new way of creating the MEA by using elec-
trophoretic deposition (EPD). In EPD carbon particles are deposited in the electrode surface using
a potential gradient generated by two electrodes. The results showed higher electrochemical perfor-
mance, higher catalyst utilization, and higher gas diffusivity; as a result of the uniform structure ob-
tained with this method.12,13 Song et al heated an ionomer (5% Nafion)-coated Pt/Carbon Black in
an autoclave before usage. The resulting layer showed a uniform dispersion of Nafion among the Pt
catalyst, higher electrochemical performance, higher catalyst utilization, and higher gas diffusivity.11
Urchida et al showed higher catalyst utilization by using a PFSI colloid that promoted a good network
formation and provided uniformity of the PFSI on Pt particles.14,15
The most recent breakthrough in fuel cell science and technology is the development, by 3M’s fuel
cell team headed by Mark K. Debe, of a new catalyst structure that eliminates the need for carbon
support and additional ionomer in the electrode layers. The nanostructured thin film (NSTF) consists
of a monolayer of catalyst-coated carbon whiskers, 10-30 times thinner than a conventional CCL, see
Figure 1.4. It utilizes approximately 2.5 less catalyst and allows 100% of catalyst utilization, having a
9higher power density than normal Pt/C CCL.16 Due to the need for deeper theoretical understanding of
how the morphology and chemical architecture influence the performance of fuel cells,6 an increasing
number of models are being created focusing in the transport of species inside the fuel cell. However,
for a complete validation, models have to be able to fit data correctly, every single time operating
conditions are changed and so far no model has done so.17 A review by Weber and Newman emphasizes
the most significant effects that should be considered when modeling fuel cells. These include: the two-
phase flow of liquid water and gas in the MEA, a membrane model that takes into consideration the
different membrane transport modes, nonisothermal effects, and multidimensional effects, such as the
change in gas composition along the membrane.17
Water in Fuel Cells
Water balance is an essential element in PEMFC performance. Transport of water between the
MEA is driven by diffusion, electro-osmotic effects (the drag that water molecules experience due to
the migration of hydrogen ions), pressure gradients, and electrochemical reactions. Without sufficient
water, proton transport and reactivity are diminished, causing performance to decrease. Moreover, the
excess heat produced by inefficient operation hastens the fuel cell’s degradation, eventually causing
the cell to dry out and die.6 For high ionic conductivity the CCL must have high moisture content.8
However, excess liquid water in the catalyst and porous transport layers impedes reactant transport and
availability at the electrode resulting also in performance loss.6,8 Engineers must account for competing
hydration requirements of the polymer electrolyte, the porous electrodes, and surrounding supporting
structures. Therefore, extensive investigation is being done by different research groups around the
world designing new CCL structures, discovering new MEA preparation methods, and modeling trans-
port inside the cells; in attempts to improve the efficiency of PEMFCs.6
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Living Polymerization
Living polymerization is a type of addition polymerization that proceeds indefinitely in the absence
of the kinetic steps of termination or chain transfer.18 Polymers prepared by this method can have
a controlled molecular weight, polydispersity, copolymer composition and microstructure, tacticity,
chain-end and in-chain functional groups, architecture, and morphology. Molecular weight of living
polymerizations is controlled by the stoichiometry of the reaction (initiator/monomer) and the degree
of conversion. Narrow molecular weight distributions are common in living polymerizations as the rate
of initiation is much higher than the rate of propagation. This condition ensures that all the chains grow
for essentially the same period of time. The main living polymerization techniques are:
• living cationic polymerization
• ring opening metathesis polymerization
• group transfer polymerization
• free radical living polymerization
• living Ziegler-Natta polymerization
• anionic living polymerization
Anionic Polymerization
Anionic polymerization has been the most important mechanism of living polymerization, since
its first realization in the 1950s, when it was first introduced in a short communication by M. Szwarc,
M. Levy, and R. Milkovich entitled “Polymerization initiated by electron transfer to monomer. A new
method of formation of Block Polymers.”19–21 It offers powerful methods for the controlled manipu-
lation of macromolecular architectures and is still today the only polymerization method that produces
materials with a high degree of molecular and compositional homogeneity.22 Anionic polymerization
involves the propagation of anionic species, making it only suitable to synthesize monomers with dou-
ble bonds (vinyl, diene, and carbonyl functionality), and heterocyclic rings.19,22 However, the high
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reactivity of anionic center towards atmospheric (oxygen, CO2, H2O) and other contaminants requires
the use of special apparatuses and techniques, in order to avoid premature living chain termination.22
Extensive initiating systems have been developed for anionic polymerization. When choosing the
right initiator two considerations have to be taken into account: the initiator has to have a similar or
slightly higher reactivity than the monomer carbanion and the initiator must be soluble in the system
solvent.19 Different classes of initiator are available: radical anions, alkali metals, and alkyllithium
compounds being the most common, versatile and useful.19,22 The main characteristic that separates
organolithium compounds from other organic compounds is the C−Li bond, that exhibits properties
of both covalent and ionic bonds. This covalent character along with the strong aggregation of ionic
pairs allows organolithium compounds to be highly soluble in hydrocarbon solvents. The reactivity
of alkyllithium initiators has a direct relation with the degree of association (degree of association is
influenced by the structure of the initiator’s organic component, the concentration of the system, the
type of solvents utilized, the reaction temperature and the use of organic groups cable of delocalizing
electrons): the lower the degree of association the higher the reactivity of the initiator. This can be seen
by the below data, where the the degree of association(shown in parenthesis) versus the reactivity of
various lithium based initiators is presented.22
menthyllithium (2) > sec-BuLi (4) > i-PrLi (4-6) > t-BuLi (4) > n-BuLi (6)
The rate of propagation in anionic systems, Rp can be represented using Equation EQN. (1.3) , where
[P∗] is the concentration of associated living chains, [M] is monomer concentration, and kapp is the
apparent rate constant. The rate of polymerization has a first order dependance on monomer concen-
tration and a (1/n) dependence on the concentration of the initiator, where n is the average aggregate
size.19
Rp = kapp[M][P∗]1/n (1.3)
Termination of an anionic polymerization involves the introduction of an acidic proton source (e.g.,
methanol). Methanol will terminate the growing chain and produce the corresponding salt. Different
chemical functionality at the end of the growing chains can be attained by careful selecting the ending
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cap. Block copolymers are formed by ending one monomer chain with a distinct monomer chain,
furthermore continuing polymerization.19
Atom Transfer Radical Polymerization
Atom transfer radical polymerization (ATRP) is a type of living polymerization or controlled radi-
cal polymerization (CRP) technique independently discovered by Sawamoto et al23 and Matyjaszewski
et al in 1995.24 In ATRP, initiation occurs when a transition metal initiator reacts with a a multi-amine
ligand molecule (e.g., N,N,N’,N’,N”-pentamethyldiethylenetriamine, which helps in the removal of the
terminal halide) and a metal based catalyst (e.g., CuICl) producing a free radical. This free radical re-
acts with a monomer creating a polymer chain. Nonetheless the formation of radicals happens very
seldomly, as this is a reversible step in which the halide-capped dormant phase is favored by many
orders of magnitude (107vs.100), see Figure 1.5. This results in having few active radicals at any given
time, which in turn limits the amount of radical-radical termination. ATRP kinetics can be controlled by
changing reaction temperature and by changing catalyst and counter-catalyst concentration. A higher
amount of counter-catalyst (e.g., CuIICl2) will slow down the reaction by shifting equilibrium to the
right where the polymers are in their dormant phase. Increasing reaction temperature will favor the
rate propagation over the rate of termination, thus decreasing the PDI. However increasing the temper-
ature can trigger undesired side reactions increasing the PDI.25 Overall ATRP offers a higher tolerance
toward moisture and (Lewis) acidity when compared to anionic polymerization. It also offers the ca-
pability of synthesizing polymers with low polydispersity (∼ 1.1−1.4) and halogen terminated which
provides a functional site for further chemistry. Nonetheless ATRP has some drawbacks: a big pa-
rameter space that complicates target synthesis and its compatibility with monomers is limited to vinyl
aromatics (styrene, vinyl pyridine) and acrylates.
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Figure 1.5: Schematic of polymerization via ATRP with bipyridine used as a ligand. Reaction rates
given for polystyrene synthesis. Reproduced and adapted from Ref. 26.
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Radical Addition-Fragmentation Chain Transfer
Radical Addition-Fragmentation Chain Transfer (RAFT) polymerization, also a type of living poly-
merization or CRP, utilizes thiocarbonylthio compounds (ZC(=S)SR). RAFT polymerization mecha-
nism, invited by Moad et al,27,28 consists in a sequence of addition-fragmentation equilibria shown in
Figure 1.6. Initiation occurs in the same fashion as a control radical polymerization: an initiator (e.g.,
azobisisobutyronitrile) decomposes and forms a free radical. This radical will react with a monomer
forming a propagating radical (P•n ) in which additional monomers are added producing a growing poly-
mer chain. In the propagation step, the (P•n ) adds to the thiocarbonylthio compound (RSC(Z)=S,1),
called a chain transfer agent (CTA), followed by the fragmentation of the intermediate radical (2) form-
ing a dormant polymer chain with a thiocarbonylthio ending (PnS(Z)C=S,3) and a new radical (R•).
This radical (R•) reacts with a new monomer molecule forming a new propagating radical (P•m). In the
chain propagation step (P•n ) and (P•m) reach equilibrium and the dormant polymer chain (3) provides an
equal probability to all polymers chains to grow at the same rate giving the ability to synthesize poly-
mers with narrow polydispersity.27,28 Termination is limited in RAFT and any that does occur can be
neglected. Targeting a specific molecular weight in RAFT can be easily calculated by multiplying the
ratio of monomer consumed to the concentration of CTA used by the molecular weight of the monomer.
15
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Scheme 1. Mechanism of RAFT polymerization.
mechanism of RAFT polymerization,[15–18] the use of RAFT
to probe the kinetics of radical polymerization,[19,20] the use
of RAFT in organic synthesis,[21] amphiphilic block copolymer
synthesis,[22,23] the synthesis of end functional polymers,[24] the
synthesis of star polymers and other complex architectures,[25,26]
the use of trithiocarbonate RAFT agents,[27] the use of xan-
thate RAFT agents (MADIX),[28] polymerization in heteroge-
neous media,[29–32] RAFT polymerization initiated with ionizing
radiation,[33] polymer synthesis in aqueous solution,[34–37] sur-
face and particle modification,[38,39] synthesis of self assembling
and/or stimuli responsive polymers,[36,40] RAFT-synthesized
polymers in drug delivery,[22,41] and other applications of RAFT-
synthesized polymers.[30,42,43] The process is also given substan-
tial coverage in most recent reviews that, in part, relate to polymer
synthesis, living or controlled polymerization, or novel architec-
tures. Some of these documents are referred to in subsequent
sections of this review.
Mechanism of RAFT
The key feature of the mechanism of RAFT polymerization
with thiocarbonylthio compounds, as proposed in our first
communication on the subject,[5] is the sequence of addition–
fragmentation equilibria shown in Scheme 1. Initiation and
radical–radical termination occur as in conventional radical
polymerization. In the early stages of the polymerization, addi-
tion of a propagating radical (P•n) to the thiocarbonylthio
compound [RSC(Z)=S (1)] followed by fragmentation of the
intermediate radical provides a polymeric thiocarbonylthio com-
pound [PnS(Z)C=S (3)] and a new radical (R•). Reaction of
this radical (R•) with monomer forms a new propagating radical
(P•m). Rapid equilibrium between the active propagating radi-
cals (P•n and P
•
m) and the dormant polymeric thiocarbonylthio
compounds (3) provides equal probability for all chains to grow
and allows for the production of narrow dispersity polymers.
When the polymerization is complete (or stopped), most of the
chains retain the thiocarbonylthio end-group and can be isolated
as stable materials.
The reactions associated with RAFT equilibria shown in
Scheme 1 are in addition to those (i.e., initiation, propagation,
transfer, and termination) that occur during conventional radi-
cal polymerization. In an ideal RAFT process, the RAFT agent
should behave as an ideal transfer agent. Thus, as with radical
polymerization with conventional chain transfer, the kinetics of
polymerization should not be directly affected by the presence of
the RAFT agent beyond those affects attributable to the differing
molecular weights of the reacting species. Radical–radical ter-
mination is not directly suppressed by the RAFT process. Living
characteristics are imparted when the molecular weight of the
polymer formed is substantially lower than that which would
be formed under the same conditions but in the absence of a
RAFT agent, and is such that the number of polymer molecules
with RAFT agent-derived ends far exceeds the number formed
as a consequence of termination. Many RAFT polymerizations
stray from this ideal. Although the basic mechanism shown in
Scheme 1 is generally not disputed, much debate continues on the
detailed kinetics of the RAFT process, the rapidity with which
the various equilibria are established, and what side reactions
might occur to complicate the process in specific circumstances.
Mechanisms for retardation in RAFT polymerization medi-
ated by, in particular, dithiobenzoate RAFT agents continue to
attract significant interest. Mass spectrometry has been used to
provide evidence to support the occurrence of intermediate rad-
ical termination during RAFT polymerization of acrylates,[44]
styrene (St),[45,46] and N-acryloylmorpholine (NAM)[47] with
dithiobenzoate RAFT agents. A recent paper[48] purports to sug-
gest a possible compromise between the ‘slow fragmentation’
and ‘intermediate radical termination’ models for retardation
in RAFT polymerization with dithiobenzoate RAFT agents.
According to the proposed model intermediate radical termina-
tion occurs, but only for initiator-derived or oligomeric species
(chain length <2).[48,49]
Figure 1.6: Mechanism of RAFT polymerization, reproduced from Ref. 27.
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Block Copolymers
Block copolymers (BCP) are macromolecules composed of two or more distinct polymer chains
joined covalently end-to-end.18,19,29 Their importance relies on the fact that the resulting material ex-
hibits the properties of its individual components, allowing them to be widely used in industry and ev-
eryday life.30 BCP in their solid state can be used as polymer blend compatibilizers, pressure-sensitive
adhesives, impact modifiers.29,30 In solution, they have been used as thickeners, dispersion agents,
foams, oil additives, among others.30 The simplest, and until now the most studied, BCP architecture
is the linear AB diblock. But also multiblocks and branched architectures (ABC star and ABC hetero-
arm) can be achieved using copolymerization, see Figure 1.7.29 New advances in synthetic chemistry
allows the combination of a variety of polymers giving rise to the almost endless possibility of synthe-
sizing a wide range of architectures that can dictate the BCP final mechanical, optical electrical, ionic,
barrier, and other physical properties and applications.29,31
Figure 1.7: Schematic of different block copolymer architectures that can be achieved. Reproduced
from Ref. 29.
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Microphase separation
Another unique characteristic of BCPs is their ability to go through microphase separation/self-
assembly. A separation driven by the chemical incompatibilities between the different components
of the block.29 Most polymer species are immiscible in each other (even minor chemical differences
between the distinct blocks produce enough free energy to make mixing unfavorable), furthermore the
chains segregate into separate domains to minimize the interfacial contact between them, producing an
array of nanostructures, see Figure 1.8. The distinct blocks do not macroscopically phase separate, as
in mixtures of two homopolymers, because of the covalent bond between them.32 Five factors control
equilibrium phase behavior: molecular architecture, monomer selection, polydispersity, composition,
and degree of polymerization.31 Flory and Huggins describe polymer-polymer phase behavior in their
equation:
Figure 1.8: Illustration of the four equilibrium morphologies for linear AB diblock copolymers.
∆Gm
kbT
=
φA
NA
ln(φA)+
φB
NB
ln(φB)+χABφAφB (1.4)
where φi is the volume fraction of polymer i, Ni is the degree of polymerization, kb is the Boltzmann
constant, and χAB is the Flory-Huggins interaction parameter (functions as a measure of how immiscible
two monomers are together) defined as:
χAB =
Z
kbT
[εAB− 12(εAA+ εBB)] (1.5)
where Z is the number of nearest-neighbor monomers to a segment and εAB is the interaction energy
per monomer between A and B segments. Since χ is normalized by the Boltzmann constant and tem-
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perature, it is inversely proportional to T. Figure 1.9 shows experimental and theoretical phase diagram,
calculated using the self-consistent mean-field theory (SCMFT), for a linear poly(styrene-b-isoprene)
diblock copolymer.
Figure 1.9: Comparison of theoretical and experimental phase diagrams for linear AB and the illustra-
tion of the four equilibrium morphologies. Reproduced and adapted from Ref. 29.
When synthesizing BCPs with three or more distinct blocks a larger number of architectures can be
obtained, see Figure 1.10. This also brings an increase in the number of parameters governing phase
selection, raising new challenges when trying mapping the phase space.29
Self-consistent mean-field theory (SCMFT)
SCMFT a theoretical model that can give an approximation of the real-space segment distribution
within a unit cell and provide detailed information about the relative stability of ordered states. SCMFT
calculations involve the minimization of the free energy of a theoretical melt by specifying a unit cell
symmetry.33
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Figure 1.10: Morphologies for linear ABC triblock copolymers. Reproduced from 29.
High-Ion Exchange Capacity Block copolymers
Recent work in battery and fuel cell technology has incorporated the use of BCPs containing
charged species attached to one of the blocks or as part of the main chain; giving them the ability
to serve as ion exchange materials.34,35 Unique properties can be achieved when adding a SO3 group,
via sulfonation, into one of the blocks: increased proton and water transport, strength, hydrophilicity,
and an increase in the glass transition temperature of the material.36,37 Sulfonation is an electrophilic
substitution reaction that bonds a sulfuric acid group into an organic molecule. Sulfonation of aromatic
rings takes places in the position of highest electron density, which is controlled by the position and
the type of groups located around the ring35 (in the case of polystyrene, sulfonation occurs in the para
position).36 For this project sulfonation of the polystyrene block is of interest for its implications on
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the phase behavior of BCPs and ultimately for its applications in the increased transport of water and
protons inside fuel cells.
SWNT-based Block Copolymeric Nanocomposites
Incorporating nanoparticles into a BCP can enhance its properties, including catalytic activity, elec-
trical and thermal conductivity, mechanical strength, permeability, etc.38,39 Among these nanoparticles,
carbon nanotubes (CNTs) have gotten special attention due to their outstanding electronic, thermal, and
mechanical properties, making them suitable for a broad range of applications. The solubility proper-
ties (such as their tendency to aggregate and form bundles, see Figure 1.11) of CNTs must be met
before these applications can become widespread.38–47 Nonetheless, there have been extensive studies
that target the dispersion and processability of CNTs by using BCPs. These techniques can be divided
in two broad categories:
Figure 1.11: (a) Scanning electron microscope image of bundle of pristine CNTs.(b) Shows aggrega-
tion of nanotubes in water after one day of incubation. Reproduced from Ref. 42.
1. Polymers are grafted to CNTs surfaces, either by using oxidized nanotubes or by synthesizing
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straight from pristine nanotubes using different polymerization techniques.38,48
2. Polymers are physically adsorbed onto CNTs surface either by using surfactants, which can have
negative effects on the integrity of the nanotubes, or by wrapping mechanisms.
Modified CNTs have shown to be able to dissolve in various different solvents and form homoge-
neous solutions, see Figure 1.12. Furthermore, CNTs can play another function: being functionalized
with metal nanoparticles to further their applications.
Figure 1.12: (a) & (b) Transmission electron microscope image of dispersed CNTs. Scale bar: (a)200
nm, (b) 10 nm. Reproduced from Ref. 47.
In particular, the use of single wall carbon nanotubes (SWCNT) functionalized with platinum, (see
Figure 8.1) have shown better catalytic activity and overall performance in hydrogen fuel cells when
compared to commercial carbon black/Pt catalyst membranes.49
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Figure 1.13: Transmission electron microscope image of Pt functionalized SWCNTs.
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Mesoporous materials from Block Copolymeric Precursor
Nanoporous materials can be generated by selectively removing one component from a microphase
separated BCP. The resulting materials display the pore topology of their precursor structure, see Fig-
ure 1.14.50 The synthesis of BCPs where one of its blocks can be etched leads the formulation of
nanoporous organic materials that can be used in a wide variety of applications, such as: nanomaterials
templates, high surface area supports, and size-specific separation media.50
Currently there are numerous approaches to create nanoporous materials, for an extensive list of ap-
proaches to obtain nanoporous materials from BCP precursors refer to the review by Hillmyer50. Rele-
vant to this project, tetra-n-butylammonium flouride (TBAF) can be used as an etchant of poly(dimethylsiloxane)
D. TBAF attacks the Si−O bonds, completely removing the PDMS domain from the block copolymer.
This technique was first demonstrated by Ndoni et al in a bicontinous gyroid or spherical poly(styrene-
b-D) BCP.50
Figure 1.14: AFM image of a 260 nm thick PS−PEO nanoporous film. Reproduced from Ref. 50.
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Soybean Oil based polymers
Vegetable oils have been considered as monomeric feedstocks for the plastics industry for over 20
years. Polymers from vegetable oils have obtained increasing attention as public policy makers and
corporations alike have been interested in replacing traditional petrochemical feedstocks due to their
environmental and economic impact. In recent years, the cost of the bio-monomer has become highly
competitive (in many cases more economical than petrochemical feedstocks,< $1,200 for a ton of veg-
etable oil vs > $4,000 for a ton of butadiene), see Figure 1.15. Soybean Oil (SBO) the most abundant
vegetable oil (accounting for almost 30% of the world’s vegetable oil supply)5 posses carbon-carbon
double bonds that with appropriate modification, such as conjugation of its double bonds or develop-
ment of soybean oil types makes it particularly suitable for polymerization. To date, moderate success
has been achieved through the application of traditional cationic and free radical polymerization routes
to vegetable oils to yield thermoset plastics. Iowa State Prof. Richard C. Larock and his research group
has pioneered research in a variety of polymers, ranging from soft rubbers to hard, though plastics51
using cationic copolymerization of vegetable oils, mainly SBO, using boron triflouride diethyletherate
(BFE) as initiator.5 Lu et al synthesize soybean-oil-based waterborne polyurethane films with differ-
ent properties ranging elastomeric polymers to rigid plastics by changing the polyol functionality and
hard segment content of the polymers.52,53 Moreover the Affordable Composites from Renewable Re-
sources Group at the University of Delaware (ACRES) lead by Richard P. Wool, have reported the
use of soybean oil to synthesize different bio-based products such as sheet molding composites, elas-
tomers, coatings, foams, etc. Bunker et al54,55 were able to synthesize pressure sensitive adhesives
using miniemulsion polymerization of acrylatedmethyl oleate, a monoglyceride derived from soy bean
oil. The polymers produced were comparable to their petroleum counterparts. Zhu et al56 were able
to generate an elastic network based on acrylated oleic methyl ester through bulk polymerization using
ethylene glycol as the crosslinker. Obtaining a high molecular weight linear polymer using miniemul-
sion polymerization. Lu et al52 were able to create thermosetting resins synthesized from soybean oil
that can be used in sheet molding compound applications. This resins were synthesized by introduc-
ing acid functionality and onto the soybean. The acid groups reacted with divalent metallic oxides or
hydroxides forming the sheet, while the C=C groups are subject to free radical polymerization. Bon-
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naillie et al57 were able to create a thermosetting foam system using a pressurized carbon dioxide
foaming process of acrylated epoxidized soybean oil (AESO). Wool et al58 were able to synthesize
liquid molding resins that are able to cure into high modulus thermosetting polymers and composites
using triglycerides derived from plant oils.
Figure 1.15: Butadiene and soybean oil commodity price for the last 3 years, information from Index
Mundi.
Uncontrolled chain branching and crosslinking is inevitable using these conventional polymeriza-
tion routes due to the multifunctional nature of triglycerides, multiple initiation sites along the chain
backbone, and chain transfer/termination reactions. Thus each polytriglyceride repeat unit has the po-
tential to crosslink with at least one other polytriglyceride; when approximately a fraction of 1/N of
such units have crosslinked (N denotes the number of repeat units in a polymer chain), the polymers
are said to be at their “gel point” at which an infinite polymer network has formed and the material is
a thermoset. Controlled radical polymerization such as Atom Transfer Radical Polymerization (ATRP)
limits the number of initiation sites and drastically reduce the rate of chain transfer and termination
reactions, and also introduce the capability to produce custom chain architectures such as block copoly-
mers (BCPs). Applied to the polymerization of triglycerides, an immediate advantage is that initiation
of new chain branches from other growing chains is eliminated. However, chain branching ultimately
leading to gellation is still possible, and will proceed quickly if the polymerization rate or polymer
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concentration becomes too large. When the reactivity of a propagating chain towards all functional
sites on both free monomers and repeat units that are already incorporated into a chain are identical,
the expectation is that the gel point will be reached at an extremely low conversion, such that, prior
to gelation, the polytriglyceride has not yet achieved a degree of polymerization sufficient for useful
mechanical properties to develop. This expectation is supported by the past two decades of reports of
thermosets from vegetable oils produced by conventional cationic and free radical polymerization.
Asphalt Modification
Asphalt cement is commonly modified with poly(styrene-block-butadiene-block-styrene) (SBS), a
thermoplastic elastomer (TPE). Polymer modification is known to substantially improve the physical
and mechanical properties of asphalt paving mixtures. Polymer modification increases asphalt elasticity
at high temperatures, as a result of an increased storage modulus and a decreased phase angle, which
improves rutting resistance. It also increases the complex modulus, but lowers creep stiffness at low
temperatures, improving cracking resistance.59,60 SBS type polymers are typically added to asphalt
pavements when additional performance is desired or when optimizing life cycle costs is warranted.
SBS allows for the production of many specialty mixes including cold mixes, emulsion chip seals,
and micro-surface mixes. SBS type elastomers are block copolymers (BCPs) comprised of styrene-
butadiene-styrene polymer chains that create an ordered morphology of cylindrical glassy polystyrene
block domains within a rubbery polybutadiene matrix.61 SBS polymers are thermoplastic, meaning that
they can be processed as liquids at temperatures higher than their Tg due to the linear nature of its chains.
Upon cooling, the rigid polystyrene end-blocks vitrify and act as anchors for the liquid rubbery domains
by providing a restoring force when stretched.62 SBS is incorporated into asphalt through mixing and
shearing at high temperatures to uniformly disperse the polymer. When blended with asphalt binder,
the polymer swells within the asphalt maltene phase to form a continuous tridimensional polymer
network.63 At high temperatures, the polymer network becomes fluid yet still provides a stiffening
effect that increases the modulus of the mixture. At low temperatures, a crosslinked network within
the asphalt redevelops without adversely affecting the low temperature cracking performance due to
the elastic properties of the polybutadiene.64 The resulting performance properties widen the working
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temperature range of the binder polymer system.
Projects Description
Current state-of-the-art cathode catalyst layers consists of a randomly structured, highly porous
layer in which catalyst particles are deposited on larger carbon-black particles. This random structure
and the tendency to form agglomerates have a negative effect on the transport of reactants to, and the
transport of water from the active sites, making it the most poorly performing component in modern
PEMFC designs.6,65
Our research is focused on creating a novel cathode catalyst membrane that will target this ar-
bitrary design by creating a membrane with an ordered nanoscale architecture. We make use of the
self-ordered characteristics of BCPs to develop a new CCL that will facilitate gas, electron, and proton
transport through the membrane. The CCL membrane will consist of Pt catalyst particles supported
on single walled carbon nanotubes (SWNTs). SWNTs are to be dispersed into a double-gyroid block-
copolymer with a sulfonated block that will act as an ionomer, a rubbery block and dimethylsiloxane
block that will be chemically etched, see Figure 8.2, creating a mesoporous structure with desired and
ordered surface chemistry. This new ionomeric membrane will allow PEMFCs to operate at higher
temperatures (increasing catalytic activity and CO tolerance) and will help improve water management
(avoiding membrane dehydration and catalyst flooding),65,66 decreasing voltage losses and increasing
the efficiency of the system. Moreover an increased system efficiency translates into an improvement in
catalyst utilization during fuel cell operation, which introduces the possibility of using less active cata-
lyst than Pt but much less expensive. Nonetheless this reduced catalyst activity could be compensated
by increasing the CCL thickness which increases catalytic area. In addition, the current investigation
will broaden general knowledge of the kinetics behind the poorly understood ORR.
Sometimes success can be reached by trial and error-what one might call an empirical
approach. But that is not the optimal way ahead. Rather, Albert Einstein’s occasional
quip, “I will a little think,” may be the better guide to systematically improving fuel cells.
Sooner or later, deep thinking and an emphasis on fundamental physics will make fuel cells
technically viable and commercially competitive -the players are too powerful, the physics
too fascinating, and the alternatives too few.
–Eickerling.6
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Figure 1.16: Schematic of the proposed Pt-SWNT double-gyroid block-copolymer membrane. Repro-
duced from Ref. 67.
With respect with “green” biopolymers, this research presents focused on creating a replacement
for the costly Styrene-Butadiene-Styrene (SBS) petroleum based BCP with the use of a vegetable oil,
e.g., soybean oil (SBO). We describe the–for the first time– the use of two different controlled radical
polymerization techniques (ATRP and RAFT) to synthesize elastomeric diblock and triblock copoly-
mers with a broad spectrum of physical properties for the use in a variety of day to day applications.
These range from asphalt modification and tires to adhesives and shoeware.
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Figure 1.17: Two soybeans talking to each other.
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CHAPTER 2 EXPERIMENTAL DETAILS
This chapter is a comprehensive list of the chemicals and instruments as well as the procedures essential to
the synthesis and study of polyanionic BCPs and nanocomposites necessary for the preparation of the hydrogen
fuel cell’s CCL and of thermoplastic elastomers from soybean oil and glycerol.
Cathode Catalyst Layer
Experimental Materials
Monomers: Hexamethylcyclotrisiloxane (D3) (Acros Organics), isoprene (Acros Organics) and styrene
(Fisher Scientific Co.) were purified by vacuum distillation using the procedure described below. Clean-
ing agents/Initiator: N-butyl lithium solution in hexanes (2.5M), di-butyl magnesium (1M), sec-butyl lithium
(1.4M) (Sigma Aldrich), and calcium hydride (Fisher Scientific) were used without further purification. End-
caps: Methanol (Fisher Scientific) and trimethylchlorosilane (Acros Organics) were bubbled with argon, while
stirring, for 10 min prior to use. Solvents: HPLC grade cyclohexane (Fisher Scientific) was purified by passage
through a Q5 (Engelhard) catalyst column and activated alumina column.68 Tetrahydrofuran (THF) was purified
by passage through activated alumina. Ortho-xylene and 1,2-dichloroethane (Fisher Scientific) were used with-
out further purification. Others: Isopropanol, sulfuric acid, acetic anhydride, phenolphthalein, hydrochloric acid
(0.1M)(Fisher Scientific), p-toluenesulfonylhydrizide (Acros Organics), 1,2-dibromoethane (Sigma Aldrich),
and single SWNTs (Cheap Nanotubes Inc.) were used without further purification.
Equipment
Gel Permeation Chromatography (GPC) Molecular weights and molecular weight distributions were de-
termined via gel permeation chromatography (GPC) with respect to polystyrene standards, using HPLC chloro-
form as the solvent, in a Waters 717 autosampler and a Waters 515 HPLC system using a Waters 2414 refractive
index detector. A HPLC tetrahydrofuran GPC was used for samples that were not soluble in chloroform. Figure
A.4 shows a representative GPC trace for a SSEP sample.
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Figure 2.1: PS-calibrated GPC traces, normalized to the peak height, of SSEP 6KA and its precursors.
PS-PI and PS-EP used chloroform as the mobile phase, and SSEP 6KA employed THF.
Nuclear Magnetic Resonance (NMR) 1H-NMR spectra were determined on a Varian VXR-300 spectrome-
ter in deuterated chloroform (CDCL3) or a 50/50 deuterated tetrahydrofuran / D2O solution at room temperature.
A representative NMR traces for can be seen in Figure A.3.
11 10 9 8 7 6 5 4 3 2 1 0 −1
0
0.2
0.4
0.6
0.8
1
δ, ppm
Si
gn
al
,a
rb
it
ra
ry
un
it
s
SD 13K
SSD 13KA
SSD 13KC
Figure 2.2: 1H-NMR spectra of PSD 13K, SSD 13KA, and SSD 13KC. The precursor used CDCl3 as
the solvent, while SSD spectra were collected in mixtures of deuterated THF and D2O.
Transmission Electron Microscopy (TEM) Real-space images of BCPs were collected with a Tecnai G2
F20 scanning/transmission electron microscope at a high tension voltage of 200 kV by either solvent casting
(water/THF) the BCPs onto copper grids coated with a holey carbon film and annealed for 2 h at 80◦C; or by
ultrathin (≈ 80 nm) sectioning of the BCPs at cryogenic temperature using a Leica Ultramicrotome Ultracut
125UCT, with a Leica EM FCS cryo-stage. The water/THF concentration was varied for each sample to verify
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that solvent selectivity was influencing the observed phase behavior; samples were allowed to dry slowly over
the course of 120 h in a controlled environment.
Scanning Electron Microscope(SEM) Experiments were conducted on a FEI Quanta-250 field-emission
at a voltage of 10 kV, cryo-fracturing the sample prior to imaging. D-containing sampled were imaged using
natural contrast. RuO4 vapors were used to stain SSEP samples.
Small-Angle X-ray Scattering Small angle x-ray scattering experiments were conducted on a Rigaku cop-
per Kα source instrument. The microfocus cathode source was operated at 40kv and 30mA and the charge-
coupled device (CCD) detector measured the x-ray scattering in pico-amperes. Samples were enclosed in Kapton
tape and suspended in a temperate controlled holder (maximum heating temperature 350◦C) inside an evacuated
chamber with a sample to detector distance of 2 m. Silver behanate was used as a calibration standard. Figure
2.3 shows small x-ray scattering spectra analyzed to get samples’ domain space size. PSS-b-D x-ray scattering
was measured using an Anton Paar SAXSess instrument (SAXSess) instrument located at the Characterization
Facility at the University of Minnesota — Twin Cities. Samples were placed in a Cu sample holder and scattering
was measured at room temperature for 25 min, operating at 40 kV and 50 mA.
Figure 2.3: Small x-ray scattering spectra of a SSEP 3K with SWNTs at 100 ◦C.
Wide-Angle X-ray Scattering (WAXS) WAXS experiments were conducted on a SCINTAG X-ray Powder
Diffractometer operated at room temperature at a voltage of 40 kV and current of 30 mA. Step size was set to
0.02◦, a lower limit of 5◦ and an upper limit of 90◦, and a preset time of 0.04 seconds.
Viscoelastic/Thermal Characterization A TA Instruments ARES-LS1 strain controlled rheometer with a
convection oven was used to test the diblocks rheology under nitrogen gas flow to prevent polymer degradation.
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Samples were tested in a parallel plate geometry using a temperature ramp test at heating rate of 5◦C and a strain
of 2%. Rheology data were not obtainable from sulfonated BCPs due to their highly brittle nature and absence
of a glass transition below 200 ◦C.
DSC experiments were conducted on a TA-Instruments Q2000 Differential Scanning Calorimeter equipped
with liquid nitrogen cooling system (LNCS). Three consecutive heating and cooling runs where done for each
sample (-100 ◦C to 200 ◦C) using standard aluminum pans.
Glassware
The high sensitivity of anionic polymerization to moisture, oxygen, and CO2 requires the use of specially
designed apparatuses.69 All glassware used in the synthesis of BCPs were custom made and make use of Chem-
glass AirFree teflon plugs to prevent atmospheric elements interfere with the reaction. All glassware was dried
for a minimum of 8 h at 100 ◦C prior to use.
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Figure 2.4: Image showing (a) reaction flask equipped with a injection port and a transfer valve,(b)
short path utilized to transfer liquids into flasks, (c) graduated cylinder equipped with an AirFree teflon
plug used to add purified monomers to reaction flask, and (d) round bottom flask equipped with two
AirFree teflon plugs used for the purification of monomers.
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Material Synthesis
Monomer Purification Styrene was degassed by three consecutive freeze-pump-thaw cycles then trans-
ferred via cold distillation over a short path into a flask equipped with AirFree teflon plug containing di-butyl
magnesium (0.05 mmol diBu-Mg/g Styrene) with the hexane previously vacuum dried, see Figure 2.5. The
mixture was stirred overnight at room temperature. Isoprene was degassed by three consecutive freeze-pump-
thaw cycles; then transferred via cold distillation to a flask equipped with AirFree teflon plug containing n-butyl
lithium (0.5 mmol nBu-Li/g Isoprene), with hexane previously vacuum dried. The mixture was stirred for at
least 3 h in an ice bath and then transferred to a flask with fresh n-butyl lithium. The process was repeated until
the isoprene became a yellow color. In the last batch sec-butyl lithium was injected and stirred for 30 min prior
to distillation. Hexamethylcyclotrisiloxane (D3) monomer was purified over calcium hydride (0.2g CaH2/g D3)
in cyclohexane and stirred overnight at room temperature. The D3-cyclohexane solution was then transferred via
cold distillation to a flask.
Figure 2.5: Image showing the cold distillation setup, in which the right side has a water bath with
monomer being transferred to the left side flask submerged in liquid nitrogen.
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Initiator Molarity Test Sec-butyllithium molarity was determined by using the Gilman double-titration
method,70,71 which uses a titration test to calculate the precise molarity of the initiator. Two 50 mL round-
bottom flask, equipped with a stir bar and a rubber septum, were degassed and refilled with Argon three times
prior to the injection of 2 mL of sec-butyl lithium into each one of them. 1 mL of EtBr2 and 1 mL of water were
injected to the first flask and 1 mL of water to the the second while stirring (a needle was inserted to act as a
release port). The flasks were open and a few drops of phenolphthalein were added to the flask and titrated using
0.1 M HCl. This allows you to calculate the concentration of inactive sites, which can then be subtracted form
the starting (bottle) concentration giving you the real molarity value of the initiator.
Block copolymer Synthesis All block copolymerizations were conducted with living sequential anionic
polymerization in a 500 mL round-bottom flask equipped with an Airfree adapter, an injection port, and a mag-
netic stir bar dried for 8 h at 100◦C prior to use. Poly(styrene-b-isoprene) (SI) was prepared under argon, in
cyclohexane as the solvent and with sec-butyl lithium as the initiator. Each block was reacted for 8 h at 40 ◦C and
terminated using degassed methanol. Poly(styrene-b-dimethylsiloxane) (SD) was prepared in the same fashion
as SI, adding a 25% mass solution of D3 in cyclohexane after the styrene polymerization was completed. The
temperature was reduced to 25 ◦C and 24 h were allowed to elapse to give time for the complete crossover to D
polymerization. THF was then added to the reaction in a 50:50 vol THFvol cyclohexane ratio, as the reaction needs a polar
promoter to proceed.72 The D3 addition was allowed to continue for 4 h (corresponding to 50% conversion) and
was then terminated using trimethylchlorosilane. All diblock copolymers were nearly volumetrically symmetric.
ID was synthesized analogously to SD.
Hydrogenation Procedure Blocks are hydrogenated to provide them with a greater stability against degrada-
tion and prevent them from being sulfonated in the sulfonation of the styrene blocks. Hydrogenation of isoprene
blocks was carried out using the procedure described by Phinyocheep et al.73 The reaction takes place in a 2L
round-flask equipped with a stir bar and reflux condenser with rubber septum on the top, see Figure 2.6. Polymer
is added to a the reaction to obtain a solution with a concentration of 2% (w/v) polymer in o-xylene. A 4:1
molar ratio of p-toluenesulfonylhydrazide to isoprene double bonds is added. The reaction is bubbled with argon
for 30 min and then allowed to proceed for 8 h at 135 ◦C. The mixture is then washed several times with water
and then passed through a column packed with activated basic alumina to remove byproducts. Excess solvent is
evaporated and the polymer is precipitated using a 3:1 ratio of methanol to isopropanol. The product (PSEP) is
then vacuum dried for 48 h at 75 ◦C.
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Figure 2.6: Image showing the setup used for the hydrogenation of samples.
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Sulfonation Procedure BCPs were sulfonated following the procedures described by Makowski74, see Fig-
ure 2.7. Styrenic polymers were dissolved in a 10:1 ratio of dichloroethane to polymer and stirred at 40 ◦C under
argon. Acetyl sulfate was prepared by mixing stoichiometric amounts of acetic anhydride and dichloroethane in
a round-bottom flask and purged with argon; the solution was then cooled to 0 ◦C followed by the injection of
sulfuric acid. Acetyl sulfate was added to the reaction flask containing the polymer. The reaction was allowed to
proceed for 2 h and terminated using isopropanol. Different degrees of sulfonation were obtained by increasing
the amount of acetyl sulfate added to the reaction. The product was purified, using the technique described by
Park et al:75 7 days of dialysis against running water in a cross-flow configuration, using a cellulose dialysis
membrane with a 3.5 kg/mol molecular weight cutoff, see Figure 2.8. The polymer was recovered using a rotary
evaporator and vacuum dried for at least 48 h at 75◦C.
Figure 2.7: Scheme showing the sulfonation process, (a) acetyl sulfate generation and (b) sulfonation
of polystyrene, reproduced from 76.
44
Figure 2.8: Image showing (a) a water tank with the dialysis membranes and (b) a close-up of the
dialysis membrane with the sulfonated polymer inside.
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Calculation of Degree of Sulfonation Degree of sulfonation (x, % styrene units sulfonated) was calculated
Figure 2.9: Scheme showing the 1H-NMR spectra of a SSEP with different sulfonation levels and the
peaks labels for calculation of degree of sulfonation. Reproduced from 75.
using the procedure described by Park et al75 using equation EQN. (2.1). Non-sulfonated styrene units shows an
the peak at 6.4-6.8 ppm (labeled: a) and at 6.9-7.3 ppm (labeled: b) in the 1H-NMR spectra. When sulfonated a
new peak appears at 7.4-7.8 ppm (labeled: c), see Figure 2.9.
SL =
moles of styrenesulfonate
moles of styrene+moles of styrenesulfonate
=
integrals of peak c2
integrals of( peak c2 + peak
b
3 )
(2.1)
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The complete reaction procedure is summarized in Figure 4.1.
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Figure 2.10: Scheme of the the three procedures used to synthesize the different diblocks. (a) Hydro-
genation of the PS-b-PI diblock, followed by the sulfonation of the PS-b-EP diblock. (b) Sulfonation
of the PS-b-D diblock. (c) Hydrogenation of the PI-b-D diblock.
Dispersion of SWCNTs by block copolymers The BCPs were dissolved the polymer in water (selective
solvent) and small amounts of THF and stirred at 40 ◦C until the polymer was completely dissolved, as the degree
of sulfonation increase more THF was required to dissolve the BCPs. Meanwhile, SWNTs at a concentration of
0.5% by weight, were sonicated for 15-20 min in water and then added to the polymer solution. The reaction was
sonicated, stirred and THF was added dropwise to the system, see Figure 4.2. The product was then precipitated,
collected, and vacuum dried for 48 h at 75 ◦C.
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Figure 2.11: Image showing setup used for SWNTs dispersion.
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Decoration of SWNTs with Platinum decoration
Decoration of SWNTs was accomplished by following the procedure of Xie et al77 Ethylene glycol was
chosen as the reducing agent. Carbon nanotubes were dispersed into ethylene glycol (by diluting ethylene glycol
with deionized water the diameter of platinum particles was increased, the higher the water content the larger
the particle size) by ultra sonicating them for 30 min. K2PtCl4 was then dissolved in ethylene glycol separately
then added to the nanotube suspension followed by fluxing at 110-120 ◦C for 8 h. After the reaction ended it
was cooled down to room temperature and the solid product was washed with acidic water (several drops of
hydrochloric acid in deionized water) and vacuum dried at 75◦C for 48 h.
Thermoplastic elastomers from vegetable
Experimental Materials
Epoxidation/Acrylation Soybean Oil Soybean oil (West Central) was dried/ purified by passage through
basic alumina, Brockman Activity I (500 mesh, Fisher Scientific). Formic acid (90%), hydrogen Peroxide
(50%) (H2O2), diethyl ether, acrylic acid, hydroquinone, pyridine (99%), and trimethylamine (33 wt % in
ethanol)(Fisher Scientific) were used without further purification. ATRP of Soybean Oil Acrylated epoxi-
dized soybean oil (AESO)(Sigma Aldrich) was dissolved in THF and purified by passage through basic alumina.
Styrene (Fisher Scientific) was was dried/ purified by passage through basic alumina and degassed prior to
use. Benzyl chloride, copper(II) chloride (CuIICl2), N,N,N′,N′,′,N′,′-pentamethyldiethylenetriamine (PMDETA).
Copper(I) chloride (98%) (Sigma Aldrich) was purified by stirring 10g of the catalyst for 24 h with 50mL of
sulfuric acid (95-98%) then rinsed with copious amounts of ethanol and ethyl ether on a filter frit. It was then
transferred to a preheated vacuum oven (80 ◦C), dried for 20-25 min and moved into the glovebox for storage.
RAFT of Soybean Oil AESO, when used for RAFT polymerization, was used without further purification, while
styrene was dried/ purified by passage through basic alumina and degassed prior to use. Azobisisobutyronitrile
(AIBN)(Sigma Aldrich) was recrystallized by stirring in warm ethanol (40 ◦C) for 1 h the solution was then
cooled down (0 ◦C) and collected using a filter frit. The product was then dried in the vacuum oven at room
temperature for 3 h. 1-phenylethyl benzodithioate (Sigma Aldrich) was used without further purification but
was kept at -10 ◦C refrigerator prior to use. Dioxane (Fisher Scientific) was used without further purification.
Acrylation of Glycerol Acrylic acid, hydroquinone, triphenylphosphine (TPP), and cyclohexane (Fisher Scien-
tific) were used without further purification. RAFT of Glycerol Glycerol (Fisher Scientific) was used without
further purification. Dimethyl Sulfoxide (DMSO) and cyclohexane (Fisher Scientific) were used without further
purification.
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Equipment
Most equipment utilized for the characterization of the biopolymers was the same as those described in
Section 2.
Tensile Testing Tensile testing experiments were conducted on a Instron 4204 Tension Test Frame and
Controller, using an average speed of speed of 50 mm/min. Dog bones were prepared by first melt pressing a
1.25in×0.63in rectangle in the Carver press at 130◦C for 8 h. Specimens were subject to 10 consecutive load
and unload cycles using an average speed of 50 mm/min, going from 0 to 55% strain.
Material Synthesis
Epoxidation of Soybean Oil
Soybean oil was mixed with formic acid in a 4.12 molar ratio of formic acid/triglycerides. Excess formic
acid promotes the hydrolysis or/and peroxy acid to form in the triglycerides double bonds. Furthermore no argon
purge is necessary as oxygen helps slow the reaction and avoid the formation of these unwanted side products.
The reaction takes place in a round bottom flask with a stir bar and a rubber septum equipped with a needle to
serve as a pressure relieve vent. Soybean oil was allowed to react for 8 h at 50◦C (allowing reaction time go
beyond 8 h allows the hydrolysis of double bonds), during the first 4 h a 1.8 molar ratio of H2O2/double bonds
was gradually injected to the reaction. The reaction was ended by cooling it down with deionized water. The
product was then mixed with sodium bicarbonate (to neutralize unreacted formic acid) and dissolved in diethyl
ether or cyclohexane and placed in a separation funnel where the organic phase was washed with deionized water
until pH paper indicated a neutral solution. The product was dried using rotary evaporation to remove excess
water, redissolved in cyclohexane and passed through a silica gel column, then placed in a vacuum oven (at room
temperature) to dry overnight. Figure 2.12
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Figure 2.12: Image shows soybean oil as received from supplier (left side) where a dark yellow color
can be seen, followed by a slightly lighter yellow color obtain after passing through the SBO through
alumina, followed by two vials of soybean oil with different degrees of epoxidation, and at the end
soybean oil whose double bonds have been hydrolyzed.
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Calculation of number of SBO double bonds
Figure 2.13: Image shows soybean oil hydrogens and their expected location in an 1H-NMR spectra.
Carbon double (C =C) bonds were calculated with the use of 1H-NMR spectra, see Figure 2.14. Hydrogens
in the terminal methyls (It,meth), see Figure 2.13, are located at 0.9 ppm and by integrating the area under the
peak a ratio of intensity to number of terminal hydrogens can be calculated. This number will not be affected
by epoxidation, furthermore can be used as a reference value. Figure 2.13 shows that C = C (IC=C) appear in
the 5.48 ppm region, by integrating the area under the peak a ratio of intensity to number of hydrogens next to
C =C can be calculated. The final integration value is subtracted by 1, due to the hydrogen in the middle of the
glycerol molecule.
C =C =
IC=C−1
2
It,meth
9
(2.2)
Equation EQN. (2.2) gives the necessary values required to calculate the number of double bonds, the number
9 represents the number of terminal hydrogens and the number 2 the number of hydrogens next to a C = C.
Substituting actual integration values, equation EQN. (2.3), gives the expected 4.6 double bonds per triglyceride
molecule.
C =C =
10.27−1
2
9.05
9
= 4.6 (2.3)
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Figure 2.14: 1H-NMR spectra utilized to calculate number of C =C.
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Calculation of degree of epoxidation in ESO
Figure 2.15: Image shows epoxidized soybean oil hydrogens and their expected location in an 1H-NMR
spectra.
Degree of epoxidation was calculated with the use of 1H-NMR spectra, see Figure 2.16. Epoxy rings hy-
drogens (Iepoxy), see Figure 2.15, are located between 2.5-3.0 ppm and by integrating the area under the peak a
ratio of intensity to number of hydrogens in the epoxy rings can be calculated. Degree of epoxidation can be
calculated using equation 2.4, were 2 is the number of hydrogens next to the epoxy rings and 4.6 is the number
of C =C previously calculated.
Degree of epoxidation =
Iepoxy
2
4.6
(2.4)
Substituting actual integration values, equation EQN. (2.5), gives the degree of epoxidation to be 76.7%.
Confirmation of the result can be done by by calculating the remaining number of double bonds, (C = C) =
[(2.99−1)/2]/4.6 = 21%.
Degree of epoxidation =
7.06
2
4.6
= 76.7% (2.5)
Acrylation of epoxidized soybean oil
Epoxidized soybean oil (ESO) was mixed with 7% by weight hydroquinone (inhibitor), a 0.23:1 molar ratio
of pyridine (catalyst) to triglyceride, a 2:1 ratio of acrylic acid to ESO, and a 2:1 ratio of toluene to ESO. No
argon purge is necessary as this will increase the chance of the soybean oil molecules polymerizing through free
radical routes moreover oxygen acts as an inhibitor. The reaction was allowed to proceed for 10 h at 95 ◦C (any
further time will cause crosslinking of the triglycerides). The reaction was ended by cooling it down to room
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Figure 2.16: 1H-NMR spectra utilized to calculate degree of epoxidation of ESO.
temperature. The final acrylated epoxidized soybean oil (AESO) was mixed in a 1:1 ratio of diethyl ether to
product and excess sodium bicarbonate was added to neutralize unreacted acrylic acid. The solution was then
passed through alumina followed by the removal of the diethyl ether by rotary evaporation, then dried overnight
on vacuum ovens at room temperature.
Calculation of number of degree of acrylation in AESO
Degree of acrylation was calculated with the use of 1H-NMR spectra, see Figure 2.18. Acrylic acid hydro-
gens (IAA), see Figure 2.17, are located between 5.6-6.5 ppm and by integrating the area under the peaks a ratio
of intensity to number of hydrogens in the acrylic acid can be calculated. Degree of acrylation can be calculated
using equation 2.6, were 3 is the number of hydrogens next to the acrylic acid terminal C = C and 4.6 is the
number of C =C previously calculated.
Degree of acrylation =
IAA
3
4.6
(2.6)
Substituting actual integration values, equation EQN. (2.7), gives the degree of acrylation to be 100%.
Degree of acrylation =
14.10
3
4.6
= 100% (2.7)
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Figure 2.17: Image shows acrylated epoxidized soybean oil hydrogens and their expected location in
an 1H-NMR spectra.
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Figure 2.18: 1H-NMR spectra utilized to calculate degree of acrylation of AESO.
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Figure 2.19: a) & b) GPC curves for the different reaction times of the 0.6 monomer to solvent ratio
samples. c) Shows the GPC curve for the 0.8 monomer to solvent sample set. In both figures it can
be seen the increase in molecular weight as time progresses and a decrease in the amount of monomer
(lower molecular weight).
ATRP synthesis of AESO
AESO synthesis was done analogously to the procedure developed by Matyjaszewski et al.78–80 In a 100mL
round bottom flask (equipped with a rubber septum and stir-bar) benzyl chloride, CuICl, PMDETA, and toluene
were added. Benzyl chloride, CuICl, PMDETA, and THF were added to a separate vessel and stirred until a
homogeneous solution could be seen prior to its addition to the reaction flask. Chemicals were added in molar
ratios relative to the amount of initiator used; 1 : 10 : 1.1 : 100 respectively. All samples were prepared inside
an argon glove box then taken outside and placed in an oil bath at constant temperature with continuous stirring.
The reactions were allowed to proceed for a minimum of 12 h at 100 ◦C. The product was precipitated in a 10:1
methanol to water volume ratio, ethanol was added to the solution and stirred for 3-4 h to dissolve all unreacted
monomer. The product was decanted, and redissolved in THF and purified by passing it through alumina. The
precipitate was dried in a vacuum oven at room temperature overnight. The molecular weight distribution of each
product, poly(acrylated epoxidized soybean oil) (PAESO), was determined by size exclusion chromatography,
see Figure 2.19. Reactions that did not reach the gel point were terminated by quenching to room temperature
after 72 h. To further characterize the extent of polymerization of the AESO, nuclear magnetic resonance (NMR)
was done on the dried sample, see Figure 2.20.
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Structure of a typical AESO molecule
Figure 2: NMR spectra of AESO (blue) and a representative PAESO (red) after 48 hours.
and then precipitated in a 1:10 ratio of water to methanol. The precipitate was dried in a vacuum
oven at room temperature overnight. To further characterize the extent of polymerization of the
AESO, nuclear magnetic resonance (NMR) was done on the dried sample, see Fig. 2.
1.3 Synthesis of P(AESO-b-styrene)
Styrene was purchased from Fisher Scientific and purified by three freeze-pump-thaw cycles, stir-
ring over dibutyl magnesium, and subsequent vacuum distillation. In a 100 mL round-bottom
flask, 10 g of styrene was mixed with 20 g of PAESO dissolved in 20 g THF, and 2.5 g toluene. THF
was removed via evaporation at the beginning of the polymerization reaction. CuCl, PMDETA
and Benzyl Cl were all added with the same reactant-monomer ratio and procedure as the poly-
merization of AESO (explained above). The reaction proceeded for 72 hours at 100 ◦C, with mod-
3
Figure 2.20: 1H-NMR spectra of AESO (blue) and a representative PAESO (red) after 48 h.
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ATRP synthesis of P(AESO-b-Styrene)
In a 100 mL round-bottom flask, equipped with a rubber septum and a stir bar, 10 g of styrene were mixed
with 20 g of PAESO previously dissolved in 20 g of THF and 2.5 g of toluene. THF was removed via evaporation
at the beginning of the polymerization reaction. CuICl, PMDETA and Benzyl Cl were all added with the same
reactant-monomer ratio and as for the polymerization of AESO (explained above). The reaction proceeded for
72 h at 100◦C, with moderate stirring. The reaction was ended and the product was filtered through an alumina
column to remove the catalyst. The solution was then precipitated several times in a 10:1 ratio of methanol to
water. The polymer was collected and vacuum dried at room temperature. 1H-NMR was performed to prove the
presence of polystyrene in the product, see Figure 2.21.
Figure 2.21: 1H-NMR spectra of PAESO-PS. The highlighted region shows the aromatic hydrogens of
poly(styrene).
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ATRP synthesis of P(Styrene-b-AESO) and P(Styrene-b-AESO-b-Styrene)
Synthesis of diblocks and triblocks having styrene as the first block was carried using the same procedure as
the one described above.
RAFT synthesis of AESO
RAFT synthesis was performed analogously to the procedure described by Moad et al81,82 using azobi-
sisobutyronitrile (AIBN) as the initiator, see Figure 2.22 (A). 1-phenylethyl benzodithioate was used as the chain
transfer agent (CTA), and was synthesized according to established procedures, see Figure 2.22 (B).
(A)
(B)
Figure 2.22: (A) Azobisisobutyronitrile molecule. (B) 2-Phenyl-2-propyl benzodithioate molecule.
Monomer (AESO), initiator, CTA, and solvent (1,2-dioxane) were mixed under argon in a 100 mL round-
bottomed flask with various mass ratios of monomer:solvent, 1:5 molar ratio of initiator to CTA, and 10:1 molar
ratio of monomer to CTA.1 The reaction flask was bubbled with Argon for 30 min to remove oxygen from the
system before the temperature was increased. The reaction was run at 70◦C and the time varied according the
desired molecular weight (Mn).
RAFT synthesis of P(Styrene-b-AESO) and P(Styrene-b-AESO-b-Styrene)
For P(styrene-b-AESO), AESO was dissolved in dioxane and transferred to the reaction vessel containing
the styrene homopolymer and was allowed to react for 6 h before the reaction was cooled down and precipitated
three times in excess methanol and water. The product was stirred in a 2:1 ratio by volume of methanol to ethanol
solution to remove unreacted AESO monomer. Mn was monitored as a function of time, see Figure 6.9 (B). The
final product, see Figure 2.24, was vacuum dried for 24 h, at room temperature.
1This monomer to CTA ratio represents an excess of CTA compared to a typical RAFT synthesis; in a typical RAFT a
N:1 ratio would yield polymers with an average of N repeat units. In AESO polymerization however, the multifunctional
character of the monomer tends towards crosslinking, which is mitigated by our use of excess CTA.
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Figure 3: Graph showing the molecular weight (number aver-
age) increase of the styrene homopolymer as a function of time.
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Figure 4: Graph showing the molecular weight increase of the
diblock as a function of time.
For P(styrene-b-AESO), AESO was dissolved in toluene was transferred to the reaction vessel
containing the styrene homopolymer and was allowed to react for 5 hours before the reaction was
cooled down and precipitated three times in excess methanol and water. Mn was monitored as a
function of time, see Figure 4. The final product, see Figure 5, was vacuum dried for 24 hours,
at room temperature. Figure 6 shows the increase in molecular weight from the monomer to
homopolymer to the diblock.
For P(styrene-b-AESO-b-styrene), the diblock was redissolved in toluene, styrene and AIBN
was added. The reaction vessel was bubbled with Argon for 1 hour and the reaction proceeded
for 1 hour at 70◦C. The final product was precipitated two times in excess methanol and water,
in the last precipitation it was stirred in methanol and ethanol for 15 min. to remove unreacted
monomer. the product was filtered and vacuum dried for 24 hours, see Figure 7.
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For P(styrene-b-AESO), AESO was dissolved in toluene was transferred to the reaction vessel
containing the styrene homopolymer and was allowed to react for 5 hours before the reaction was
cooled down and precipitated three times in excess methanol and water. Mn was monitored as a
function of time, see Figure 4. T e final product, see Figure 5, was vacuum dri d for 24 hours,
at room temperature. Figure 6 shows the increase in molecular weight from the monomer to
homopolymer to the diblock.
For P(styrene-b-AESO-b-styrene), the diblock was redissolved in toluene, styrene and AIBN
was added. The reaction vessel was bubbled with Argon for 1 hour and the reaction proceeded
for 1 hour at 70◦C. The final product was precipitated two times in excess methanol and water,
in the last precipitation it was stirred in methanol and ethanol for 15 min. to remove unreacted
monomer. the product was filtered and vacuum dried for 24 hours, see Figure 7.
3
(A)
Figure 2.23: (A) Graph showing the molecular weight ( mber average) increase of the styrene ho-
mopolymer as a function of ti e. (B) Graph sh wing the molecular weight increase of the diblock as a
function of time.
For P(styrene-b-AESO-b-styrene), the diblock was redissolved in dioxane, styrene and AIBN was added.
The reaction vessel was bubbled with Argon for 1 h and the reaction proceeded for 2 h at 70◦C. The final
product was precipitated two times in excess methanol and water. The product was stirred in a 2:1 ratio by
volume of methanol to ethanol solution to remove unreacted AESO monomer. The product was filtered and
vacuum dried at room temperature for 24 h, see Figure 6.10.
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Figure 2.24: Image showing a 130,000 kD/mol poly(styrene-b-AESO) diblock.
Figure 2.25: Image showing a poly(styrene-b-AESO-styrene) triblock.
63
Acrylation of glycerol
Glycerol was mixed with 0.5% by weight hydroquinone (inhibitor), a 0.06:1 ratio by mass of TPP (catalyst)
to glycerol, a 1.5:1 ratio by mass of acrylic acid to glycerol, and a 1:1 ratio of DMSO to glycerol. The reaction
was stirred and bubbled for 20 min and then heated to 90 ◦C. The reaction was allowed to proceed for a minimum
of 12 h. The reaction was ended by cooling it down to room temperature. The final acrylated glycerol was mixed
with cyclohexane to remove DMSO and then dried overnight on vacuum ovens at room temperature.
Figure 2.26: Image shows the glycerol molecule and its three possible acrylation products with their
hydrogens and their expected location in an 1H-NMR spectra. a) Monoacrilated, b) diacrilated, and c)
triacrylated glycerol.
Degree of acrylation in glycerol Degree of acrylation was calculated with the use of 1H-NMR spectra, see
Figure 7.2. Glycerol’s acrylic acid hydrogens (IGAA), see Figure 7.1, are located between 5.6-6.5 ppm and by
integrating the area under the peaks a ratio of intensity to number of hydrogens in the acrylic acid can be calcu-
lated. Glycerol’s alcohols (IGOH ) are located between 3.5 and 3.7 ppm (primary alcohols are located between 3.7
64
and 3.54ppm, while the secondary alcohol is located between 3.54 and 3.5 ppm). Degree of acrylation can be
calculated using equation 7.1, were 3 (numerator) is the number of hydrogens next to the acrylic acid terminal
C =C and the 3 (denominator) is the number of hydrogens next to the oxygens.
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Figure 2.27: 1H-NMR spectra utilized to calculate degree of acrylation of glycerol.
Degreeo f acrylation =
IGAA
3
IGOH
3
(2.8)
Substituting actual integration values, equation EQN. (7.2), gives the degree of acrylation to be 100%.
Degreeo f acrylation =
0.42
3
0.07
3
= 100% (2.9)
RAFT synthesis of Acrylated Glycerol
RAFT synthesis was performed analogously to the procedure described by Moad et al81,82 using azobi-
sisobutyronitrile (AIBN) as the initiator, 1-phenylethyl benzodithioate as the chain transfer agent (CTA), and
was synthesized according to established procedures. Monomer (glycerol), initiator, CTA, and solvent (DMSO)
were mixed under argon in a 100 mL round-bottomed flask with various mass ratios of monomer:solvent, 1:5
molar ratio of initiator to CTA, and 10:1 molar ratio of monomer to CTA. The reaction flask was bubbled with
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Argon for 30 min to remove oxygen from the system before the temperature was increased. The reaction was run
at 95 ◦C and the time varied according the desired molecular weight (Mn). The polymer was then precipitated by
adding isopropanol dropwise and vacuum oven dried at room temperature for 24 h.
RAFT synthesis of P(Styrene-b-AG)
For P(Styrene-b-AG), styrene was reacted for 24 h using dioxane as the solvent, AIBN, and 1-phenylethyl
benzodithioate as the CTA. Acrylated glycerol and DMSO were transferred to the reaction vessel containing the
styrene homopolymer and was allowed to react for 48 h before the reaction was cooled down and precipitated
using the procedure described above. The final product was vacuum dried for 24 h at room temperature.
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CHAPTER 3 THERMODYNAMICS OF SYMMETRIC DIBLOCK COPOLYMERS
CONTAINING POLY(STYRENE-ran-STYRENE SULFONIC ACID).
Reproduced with permission from Hernandez, N. B.; Benson, C.; Cochran, E. W. Revised manuscript submitted
to Macromolecules
Nacu´ Herna´ndez, Calvin Benson, and Eric W. Cochran
Abstract
In this article we examine the thermodynamic behavior of diblock copolymers representing the binary pairs
of the ternary system: poly(dimethylsiloxane)/poly(ethylene-stat-propylene)/poly(styrene-ran-styrene sulfonic
acid), D/EP/SS. We employ small angle x-ray scattering, electron microscopy, and rheology to characterize
the order-to-disorder transition temperature TODT and lamellar period d of 28 materials with varying molecular
weights and sulfonation extents. These data are then interpreted in the context of self-consistent mean field
theory employing the continuous Gaussian chain model to deduce the interaction parameters as a function of
temperature and sulfonation extent. We find that while EPD and SSEP are amenable to such treatment, the SS/D
interaction forces SSD chains to stretch beyond the realm of applicability of the Gaussian chain model.
Introduction.
Poly(styrene-ran-styrene sulfonic acid) (PSS) and block copolymers (BCPs) thereof have been studied exten-
sively for applications ranging from adhesives, water purification membranes,83,84 and ion exchange membranes
for fuel cells.85,86 Fuel cells have been developed as power sources for a variety of different applications, ranging
from consumer electronics to motor vehicles. They are desirable thanks to their high energy efficiency and low
emissions. The polymer electrolyte fuel cell (PEFC) has received the most attention for vehicle propulsion be-
cause of its high power density.87 Current research on the PEFC is directed at a number of potential performance
improvements: these include new catalysts with enhanced activity and selectivity, membranes permitting opera-
tion at higher temperatures which leads to improved catalyst activity, and more effective water management to
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minimize problems due to membrane dehydration and catalyst flooding.88,89 Success in these efforts will help al-
leviate remaining obstacles to economic viability, namely excessive catalyst cost and low power density. Recent
work in battery and fuel cell technology has focused on the incorporation of block copolymers (BCPs) contain-
ing charged species, e.g. the sulfonic acid (SO–3) group, attached as one of the blocks or as part of the main
chain giving them the ability to serve as ion exchange materials.85,86 The use of ionic functional groups modify
the physical and chemical properties of the BCPs by increasing their proton and water transport capabilities,
hydrophilicity, melt viscosity, and glass transition temperature (Tg), making them suitable to use in the fuel cell
industry as substitutes of the perfluorosulfonated ionomers.90,91
A unique characteristic of BCPs is their tendency to microphase separate, a process driven by the chemical
incompatibilities between the different components of the copolymer.92 Most polymeric species are immiscible
with each other, as even minor chemical differences between the distinct blocks produce enough excess enthalpy
to make mixing unfavorable. In block copolymers distinct blocks segregate into well-defined mesodomains to
minimize the interfacial contact between them, producing an array of nanostructures, e.g., spherical, cylindrical,
and the double gyroid network morphology. In linear diblock compolymers, essentially two canonical parameters
govern the phase BCPs phase behavior: the copolymer volumetric composition, f , and the degree of segregation,
χN, where χ is the Flory-Huggins interaction parameter (thermal energy per lattice site with volume Vre f ) and
N =
Vpolymer
Vre f
=
1
NavVre f
(
Mn,A
ρA
+
Mn,A
ρA
)
(3.1)
is the renormalized degree of polymerization (number of lattice sites per polymer; ρ is the polymer mass
density). χ describes the free-energy cost per lattice site of contacts between A and B monomers92 and has been
tabulated for numerous binary systems.93 χ is typically small and positive such that for typical molecular weights
(i.e., 10 – 100 kDa) the product χN ∼ 101−102, signifying a net repulsion between A and B. For example, for
polystyrene/polyisoprene, χSI is of order 0.1.94 The abundance of the available coarse-grained statistical theories
describing heterogeneous polymer thermodynamics employ χ as the thermodynamic force that drives microphase
separation.92 These theories can be further divided into three categories: (i) the strong segregation limit (SSL,
χN  100), (ii) the weak segregation limit (WSL, χN ≤ 10), with (iii) the intermediate segregation regime
spanning the two extremes.
Only sparse information has been published thus far on the χ of highly segregated polyanionic block copoly-
mers and on the effect that degree of sulfonation and temperature has on the χ.85,95,96 Zhou et al determined the
concentration profiles in bilayer films of deuterated polystyrene and lightly sulfonated PSS (xSS ≤ 2.6%, where x
denotes the mole fraction of sulfonated styrene units) with forward recoil spectrometry (FRES) and interpreted
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the results in the context of classical Flory-Huggins theory.96 This research concluded 26.2 ≤ χS/SS ≤ 77.7,
clearly beyond the purview of mean-field theory, although in this study the SS concentrations used for χ calcula-
tion were 0.7%≤ x≤ 1.2% — far too small for the application of a mean-field description or for the approxima-
tion of a composition-independent χ.
A number of other studies have reported the phase behavior of SS-containing di- and triblock copoly-
mers. Poly(SS-block-ethylene butylene-block-SS) (SSEBSS) has been frequently investigated as an alternative
to Nafion R© in direct methanol fuel cells. Kim, Kim, and Jung, for example, examined the role of sulfonation ex-
tent in water and methanol transport in a 118 kDa SSEBSS which was found to form cylinders with a d-spacing of
≈36nm.97 These authors reported no change in d-spacing over the range of sulfonation extents (0%≤ x≤ 34%)
considered, which is highly unusual, particularly in light of the magnitude of the interaction parameters involved.
Won et al investigated methanol crossover in an 80 kDa SSEBSS, with fSS = 0.28% and x = 0.45, and found with
small x-ray scattering (SAXS) that d = 43nm in the dry material.98 No order-to-disorder transition (ODT) was
reported. Mauritz et al conducted similar experiments with a 70 kDa, f = 0.3, x = 12% SSEBSS and found
d = 26.2 nm and TODT = 285 ◦C.99
Rubatat et al examined the role of volume fraction and sulfonation extent in a series of poly(SS-b-methyl
methacrylate) diblocks and reported an evolution of the initially cylindrical morohphology to the lamellar phase,
coupled with an increase in the d-spacing, as the sulfonation extent was increased.100 Lee et al investigated the
proton conductivity of a poly(SS-b-dimethylsiloxane) 179 kDa (SSD) diblock copolymer ( fSS = 0.7), finding only
poorly ordered structures with and a surprisingly small d-spacing of 30.7 nm by SAXS, although AFM/SEM im-
ages showed structural features on the order of 50 – 100nm101. Mays and coworkers have recently reported
random phase separated morhphologies in the bulk, and tapered rod-like micelles in aqueous solution, from di-
blocks comprised of SS and fluorinated polyisoprene.102,103 The most comprehensive phase behavior study in SS
BCPs to date was conducted in 2008 by Park and Balsara,85 in a series of symmetric poly(SS-b-ethylene propy-
lene) (SSEP; EP is also known as polymethylbutylene) polymers with varying sulfonation level x and molecular
weight. These researchers found in the basis of TODT measurements and SAXS that χSSEP ≈ 6.54 and χSSS ≈ 5.89
at 25 ◦C.
Polyolefins and their fluorinated homologues are useful constituents in SS copolymers due to their viscoelas-
tic properties and chemical resilience. Poly(dimethyl siloxane) is another interesting candidate due to its high
surface energy, low Tg, and its ability to be selectively and quantitatively etched from its matrix in BCPs yield-
ing mesoporous materials.104,105 Accordingly, block terpolymers comprised of SS, EP, and D offer the potential
to design mechanically and chemically robust multifunctional membrane materials, e.g., targeting simultaneous
proton and gas transport in fuel cell catalyst layers. Crucial to the design of such polymers is a fundamental
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understanding of the associated thermodynamics, in particular the binary interaction parameters. In this article
we present experiments in which we determine the lamellar d-spacing and TODT of a series of symmetric diblock
copolymers representing each of the three binary subsystems of SS, EP, D. We then calculate χ in the context
of self-consistent mean field theory (SCMFT) at room temperature as a function of the degree of sulfonation for
the strongly segregated pairs SSEP and SSD; the temperature dependence of χEPD is also calculated for weakly
segregated EPD diblocks at the ODT for which χN ≈ 10.5.
Experimental
Materials Hexamethylcyclotrisiloxane (D3, Acros) was stirred over calcium hydride and cyclohexane for
12 h prior to distillation. Isoprene (Acros) was purified by three consecutive vacuum distillations from n-
butyllithium, after stirring at 0◦C for 3-5 h in each case; in the last batch sec-butyl lithium was injected and stirred
for 30 min prior to distillation. Styrene (Fisher) was purified by vacuum distillation from dibutylmagnesium. Sec-
butyllithium molarity was determined by using the Gilman double-titration method.106,107 Cyclohexane (Fisher)
was purified by passage through a Q5 (Engelhard) catalyst column and activated alumina column.108 Tetrahy-
drofuran (THF) was purified by passage through activated alumina. All other chemicals were used as received
without further purification.
Synthesis of Block Copolymers All block copolymerizations were conducted with living sequential anionic
polymerization in a 500 mL round-bottom flask equipped with an Airfree adapter, an injection port, and a mag-
netic stir bar dried for 8 h at 100◦C prior to use. Poly(styrene-b-isoprene) (SI) was prepared under argon, in
cyclohexane as the solvent and with sec-butyl lithium as the initiator. Each block was reacted for 8 h at 40 ◦C and
terminated using degassed methanol. Poly(styrene-b-dimethylsiloxane) (SD) was prepared in the same fashion
as SI, adding a 25% mass solution of D3 in cyclohexane after the styrene polymerization was completed. The
temperature was reduced to 25 ◦C and 24 h were allowed to elapse to give time for the complete crossover to D
polymerization. THF was then added to the reaction in a 50:50 vol THFvol cyclohexane ratio, as the reaction needs a polar
promoter to proceed.109 The D3 addition was allowed to continue for 4 h (corresponding to 50% conversion) and
was then terminated using trimethylchlorosilane. All diblock copolymers were nearly volumetrically symmetric.
ID was synthesized analogously to SD.
Hydrogenation Procedure Blocks are hydrogenated to provide them with a greater stability against degra-
dation and prevent them from being sulfonated in the sulfonation of the styrene blocks. Hydrogenation of iso-
prene blocks was carried out using the procedure described by Phinyocheep et al.110 The reaction takes place
in a 2L round-flask equipped with a stir bar and rubber septum. Polymer is added to a the reaction to obtain a
solution with a concentration of 2% (w/v) polymer in o-xylene. A 4:1 molar ratio of p-toluenesulfonylhydrazide
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to isoprene double bonds is added. The reaction is bubbled with argon for 30min and then allowed to proceed
for 8h at 135◦C. The mixture is then washed several times with water and then passed through a column packed
with activated basic alumina to remove byproducts. Excess solvent is evaporated and the polymer is precipitated
using a 3:1 ratio of methanol to isopropanol. The product (PSEP) is then vacuum dried for 48 h at 75 ◦C.
Sulfonation Procedure BCPs were sulfonated following the procedures described by Makowski.111 Styrenic
polymers were dissolved in a 10:1 ratio of dichloroethane to polymer and stirred at 40◦C under argon. Acetyl sul-
fate was prepared by mixing stoichiometric amounts of acetic anhydride and dichloroethane in a round-bottom
flask and purged with argon; the solution was then cooled to 0 ◦C followed by the injection of sulfuric acid.
Acetyl sulfate was added to the reaction flask containing the polymer. The reaction was allowed to proceed for
2h and terminated using isopropanol. Different degrees of sulfonation were obtained by increasing the amount
of acetyl sulfate added to the reaction. The product was purified, using the technique described by Park et al:85 7
days of dialysis against running water in a cross-flow configuration, using a cellulose dialysis membrane with a
3.5 kg/mol molecular weight cutoff. The polymer was recovered using a rotary evaporator and vacuum dried for
at least 48 h at 75 ◦C. Degree of sulfonation (x, % styrene units sulfonated) was calculated using the procedure
described by Park et al.85
The complete reaction procedure is summarized in Figure 4.1.
Molecular Characterization 1H-NMR spectra were determined on a Varian VXR-300 spectrometer in
deuterated chloroform (CDCL3) or a 50/50 deuterated tetrahydrofuran / D2O solution at room temperature.
Molecular weights and molecular weight distributions were determined via gel permeation chromatography
(GPC) with respect to polystyrene standards, using HPLC chloroform as the solvent, in a Waters 717 autosampler
and a Waters 515 HPLC system using a Waters 2414 refractive index detector. A HPLC tetrahydrofuran GPC
was used for samples that were not soluble in chloroform. Representative NMR spectra and GPC traces appear
in the Supporting Information.
Transmission Electron Microscopy (TEM) Real-space images of BCPs were collected with a Tecnai G2
F20 scanning/transmission electron microscope at a high tension voltage of 200 kV by either solvent casting
(water/THF) the BCPs onto copper grids coated with a holey carbon film and annealed for 2 h at 80◦C; or by
ultrathin (≈ 80 nm) sectioning of the BCPs at cryogenic temperature using a Leica Ultramicrotome Ultracut
125UCT, with a Leica EM FCS cryo-stage. The water/THF concentration was varied for each sample to verify
that solvent selectivity was influencing the observed phase behavior; samples were allowed to dry slowly over the
course of 120 h in a controlled environment. Scanning Electron Microscope(SEM) experiments were conducted
on a FEI Quanta-250 field-emission at a voltage of 10 kV, cryo-fracturing the sample prior to imaging. D-
containing sampled were imaged using natural contrast. RuO4 vapors were used to stain SSEP samples.
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Figure 3.1: Scheme of the the three procedures used to synthesize the different diblocks. (a) Hydro-
genation of the PS-b-PI diblock, followed by the sulfonation of the PS-b-EP diblock. (b) Sulfonation
of the PS-b-D diblock. (c) Hydrogenation of the PI-b-D diblock.
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Small-Angle X-ray Scattering Small angle x-ray scattering experiments were conducted on a Rigaku cop-
per Kα source instrument. The microfocus cathode source was operated at 40 kv and 30 mA and the charge-
coupled device (CCD) detector measured the x-ray scattering in pico-amperes. Samples were enclosed in Kapton
tape and suspended in a temperate controlled holder (maximum heating temperature 350◦C) inside an evacuated
chamber with a sample to detector distance of 2 m. Silver behanate was used as a calibration standard. PSS-b-D
x-ray scattering was measured using an Anton Paar SAXSess instrument (SAXSess) instrument located at the
Characterization Facility at the University of Minnesota — Twin Cities. Samples were placed in a Cu sample
holder and scattering was measured at room temperature for 25 min, operating at 40 kV and 50 mA.
Viscoelastic/Thermal Characterization A TA Instruments ARES-LS1 strain controlled rheometer with a
convection oven was used to test the diblocks rheology under nitrogen gas flow to prevent polymer degradation.
Samples were tested in a parallel plate geometry using a temperature ramp test at heating rate of 5◦C and a strain
of 2%. Rheology data were not obtainable from sulfonated BCPs due to their highly brittle nature and absence
of a glass transition below 200 ◦C.
DSC experiments were conducted on a TA-Instruments Q2000 Differential Scanning Calorimeter equipped
with liquid nitrogen cooling system (LNCS). Three consecutive heating and cooling runs where done for each
sample (-100 ◦C to 200 ◦C) using standard aluminum pans.
Results
We have synthesized a total of 28 compositionally symmetric AB diblock copolymers for this study, repre-
senting each of the three binary pairs in the SS/EP/D system and four sulfonation levels in each SS-containing
material. The A-block volume fraction for each specimen lies between 0.44 and 0.54, where the lamellar (LAM)
phase is known to be the equilibrium phase in other diblock copolymers.94,112 All of the samples exhibited low
polydispersity (< 1.05). A summary of the molecular and morphological characteristics of the SSEP, SSD, and
EPD copolymers appears in Table 3.1. Chain contour length `= ∑ni `i, with n as the number of backbone bonds
and `i the bond length, was estimated using bond lengths `C−C ≈ 1.54A˚ and `Si−O ≈ 1.63A˚. As discussed in
further detail below, SAXS and TEM were used to characterize the morphology of each polymer and measure
the d-spacing. We found that SS-containing diblocks had no experimentally accessible order-disorder transition
temperature (TODT ), even at the lowest molecular mass and sulfonation extent.
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Table 3.1: Molecular and morphological characteristics of the SSEP, SSD, and EPD diblock copolymers
synthesized for this study.Table 1: Molecular andmorphological characteristics of the SSEP , SSD, andEPD diblock copoly-
mers synthesized for this study.
Sample Mn Na PDI fA x ü Rgb D∗c
kDa vol % mol % nm nm nm
SSEP 3KA 3.2 61 1.04 0.44 0.28 9.7 3.6 8.1
SSEP 3KB 3.2 61 1.04 0.44 0.33 9.7 3.6 8.4
SSEP 3KC 3.2 61 1.04 0.44 0.51 9.7 3.6 9.0
SSEP 6KA 6.2 119 1.02 0.46 0.17 18.8 4.9 6.0
SSEP 6KB 6.2 119 1.02 0.46 0.77 18.8 4.9 10.3
SSEP 6KC 6.2 119 1.02 0.46 0.80 18.8 4.9 10.8
SSEP 6KD 6.2 119 1.02 0.46 0.92 18.8 4.9 12.1
SSEP 9KA 9.2 177 1.02 0.44 0.19 28.0 6.0 11.6
SSEP 9KB 9.2 177 1.02 0.44 0.32 28.0 6.0 11.8
SSEP 9KC 9.2 177 1.02 0.44 0.82 28.0 6.0 14.7
SSEP 12KA 12.2 234 1.02 0.46 0.21 37.0 6.8 12.6
SSEP 12KB 12.2 234 1.02 0.46 0.65 37.0 6.8 17.7
SSEP 12KC 12.2 234 1.02 0.46 0.73 37.0 6.8 18.3
SSD 6KA 6.2 111 1.05 0.44 0.42 18.8 4.9 35.3
SSD 6KC 6.2 111 1.05 0.44 0.53 18.8 4.9 36.7
SSD 6KB 6.2 111 1.05 0.44 0.67 18.8 4.9 40.8
SSD 6KD 6.2 111 1.05 0.44 0.78 18.8 4.9 43.2
SSD 10KA 10.4 185 1.03 0.48 0.15 31.5 6.2 27.6
SSD 10KB 10.4 185 1.03 0.48 0.27 31.5 6.2 49.5
SSD 10KC 10.4 185 1.03 0.48 0.61 31.5 6.2 58.0
SSD 10KD 10.4 185 1.03 0.48 0.73 31.5 6.2 59.4
SSD 13KA 13.3 238 1.02 0.46 0.12 40.4 7.1 34.4
SSD 13KB 13.3 238 1.02 0.46 0.15 40.4 7.1 40.8
SSD 13KC 13.3 238 1.02 0.46 0.21 40.4 7.1 50.7
EPD 6K 6.0 118 1.03 0.51 — 18.1 6.0 10.6
EPD 9K 9.0 178 1.18 0.54 — 27.1 7.4 14.2
EPD 11K 11.5 226 1.02 0.46 — 34.9 8.2 19.0
EPD 15K 15.2 300 1.02 0.50 — 46.0 9.5 25.2
aAccording to EQN. (1) using v0 = 100Å and data from 31
bFor a diblock copolymerwith blocks i and j,Ni= fiN , and b2i ≡
6R2g/M
N/M ,
Rg =
√
Nib
2
i
6 +
Njb
2
j
6 .
6R2g
M data were used as tabulated by Fetters et al. at 140
◦C.31
cAt 25◦C.
10
a According to EQN. (5.1) using v0 = 100A˚ and data from113.
b For a diblock copolymer with blocks i and j, Ni = fiN, and b2i ≡
6R2g/M
N/M , Rg =
√
Nib2i
6 +
N jb2j
6 .
6R2g
M data were used as tabulated
by Fetters et al at 140◦C.113
c At 25◦C.
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Thermal Analysis
It is well established that sulfonation has a strong influence on the polystyrene glass transition
temperature (Tg).101,114 Representative DSC cooling traces for SSEP appear in the Supporting Infor-
mation. In each specimen there is a pseudo-discontinuity in the slope of the heat flow near -55 ◦C,
corresponding to the Tg of the EP block. However, there is no such inflection at higher temperatures
up to the maximum of 200 ◦C, indicating that SS is vitreous throughout the experimentally applicable
temperature range.
For this reason thermal annealing of SS diblocks was not possible, and samples for morphological
characterization were dissolved in a tetrahydrofuran (THF)/H2O solution and allowed to dry in a con-
trolled environment over the period of five days. (THF is a non-solvent for SS; H2O is a non-solvent for
EP and D; mixtures of THF/H2O are of the few solvents capable of solvating these polymers.) More-
over, attempts to process SS block copolymers into disks for rheology were unsuccessful at processing
temperatures up to 200 ◦C; these polymers remained brittle and powder-like, further evidence of the
absence of a SS Tg in this temperature range.
Rheology
The dynamic elastic modulus G′(ω,T ) of EPD specimens was measured as a function of temper-
ature at a scan rate of 1
◦C
min in the parallel plate configuration of a stress-controlled rheometer at a
frequency of 0.5 Hz (pi rads ). G
′(T ) data plotted over the relevant temperature ranges for EPD 6K,
9K, and 11K appear in the Supporting Information. G(T ) for each specimen exhibits a plateau mod-
ulus of ≈ 300 Pa until a critical temperature beyond which the modulus suddenly drops to below the
measurement threshold of the instrument; this temperature is known to correspond to the TODT .115
SAXS
Small angle x-ray scattering was conducted to characterize the average morphology and associated
d-spacing of all polymers. All specimens yielded Bragg diffraction with at least one experimentally ob-
servable primary Bragg peak; SSEP and EPD patterns contained at least two visible reflections such that
q2
q∗ = 2, where q
∗,q2 corresponds to the center of the first and second peaks, consistent with the lamellar
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Table 3.2: Order-disorder transition temperature TODT for EPD diblock copolymers as determined from
the dynamic elastic modulus.
Sample TODT ,◦C
EPD 6K 37
EPD 9K 147
EPD 11K 245
EPD 12K > 300
EPD 15K > 300
morphology; representative SAXS data for the SSEP series appear in the Supporting Information. The
lamellar period (d-spacing) was calculated from the relationship d = 2piq∗ .
EPD samples, summarized in Figure 3.2, yielded similar scattering patterns with a drop in intensity
and broadening of the first-order peak at temperatures beyond the TODT , characteristic of the disordered
state, in agreement with the rheological measurements. The raw 1D scattering patterns are available in
the Supporting Information.
50 100 150 200
100
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200
250
EPD 6K
EPD 9K
EPD 11K
EPD 15K
T , ◦C
d,
A˚
Figure 3.2: d vs. T for EPD as discerned from SAXS data (d = 2piq∗ ).
SAXS patterns of SSD samples were collected using the SAXSess instrument at Characterization
Facility of the University of Minnesota. The SAXSess features a q-range that approaches the ultra-small
angle scattering regime, allowing resolution of structural features approaching dmax ≈ 80nm (qmin ≈
0.008A˚−1), although interference with the direct beam is a concern for q< 0.015A˚−1. SSD was found
to scatter only weakly; this may be explained by assuming the SS mass density is equal to the value
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reported by Fetters for PS,113 which provides an estimate of the electron density of SS of ρe,SS =
0.489 mol e
−
cm3
, while that of D is ρe,D = 0.484 mol e
−
cm3
. Poor scattering contrast in conjunction with Bragg
peaks near the instrumental detection limit reduces the quality of the resultant scattering patterns, which
appear in the Supporting Information. A blank sample was used to collect the background scattering,
which was removed from the SSD patterns to provide for adequate assignment of peak positions. Only
first-order peaks were resolvable, which were fit with least squares regression to a 7th-order polynomial;
the reported peak position represents the root of the derivative corresponding to the peak maximum.
TEM
SS-containing polymers were dissolved in THF/H2O mixtures ranging 30%–70% THF by volume
and drop cast onto copper TEM grids, and covered to control the evaporation rate such that drying
occurred over a period of five days. The solvent concentration was varied to ensure that the resultant
morphology is not due to solvent selectivity. SSD grids were imaged without further staining, as the D
block has natural contrast. SSEP specimen were stained over RuO4 vapors, resulting in selective asso-
ciation with the SS domains due to the absence of reactive moieties in the EP domains. Representative
TEM images of the materials appear in Figure 3.3 and Figure 3.4. The morphology of the TEM images
was consistent with the lamellar morphology and apparent d-spacings were in good agreement with the
SAXS data.
SCMFT
SCMFT calculations were conducted to determine the precise values of χNSCMFTODT for the EPD
specimens used in this study, accounting for differences in statistical segment length and deviations
from perfect compositional symmetry. A description of our implementation of SCFMT appears in the
Supporting Information. Experimental parameters and their theoretical equivalents appear in Table 3.3,
using a reference volume of v0 = 100A˚3 = 60.2 cm
3
mol . These considerations increase χN
SCMFT
ODT from the
accepted value of 10.495 which is valid for systems with aA = aB and f = 12 . Our results appear in
Figure 3.5 and Table 3.4. Table 3.4 also includes the location of the ODT according to the Brazovskii-
Leibler-Fredrickson-Helfand (BLFH) theory which extends Leiber’s Random Phase Approximation
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Figure 3.3: Representative TEM images of solvent-cast (THF + H2O) SSD. Dark regions are rich in
D. The microscopy data are consistent with a lamellar morphology with d-spacings that are consistent
with the more reliable SAXS measurements.
(RPA) to account for fluctuation effects in diblock copolymers in an approximate manner.116,117 A
main result of BLFH theory is an N-dependence on the location of phase transitions; for example for a
compositionally and conformationally symmetric diblock copolymer ( f = 12 , aA = aB):
χNBLFHODT = 10.495+41.022N˜
−1/3N˜ =
6R2g
v2/30
(3.2)
For a general diblock copolymer,
χNBLFHODT = χN
RPA
s +CN˜
1/3 (3.3)
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Figure 3.4: Representative TEM images of solvent-cast (THF + H2O) SSEP (RuO4-stained). Dark
regions are richer in SS. The microscopy data are consistent with a lamellar morphology with d-
spacings that are consistent with the more reliable SAXS measurements.
Table 3.3: Physical property parameters for SCFMT calculations.
Specie M0 ρ1 N/M V2 R20/M3 a
Da g/cm3 segmentskDa cm
3
/mol A˚
2
/Da A˚segment
SS 184 0.969 17.1 189.9 0.2454 3.78
EP 70 0.790 21.0 88.6 0.645 5.54
D 74 0.895 18.6 82.7 0.457 4.96
where χNRPAs is the spinodal stability limit of the disordered phase according to the RPA and the
constant C is determined through the BLFH theory by calculating the point at which the free energy of
the disordered state is equal to that of the most stable ordered phase (e.g., lamallae). χNBLFHODT values in
Table 3.4 were calculated in this manner.
We also determined the precise SCMFT prediction for the lamellar d-spacing as a function of χN
for SSD and SSEP as shown in Figure 3.6. These calculations provide a direct approach for estimating
χ(T ) through measurements of d(T ).
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Table 3.4: χNODT for the EPD polymers considered in this study according to SCMFT and the
fluctuation-corrected BLFH theory.
Sample fA N5 N˜6 χNSCMFTODT χN
BLFH
ODT
EPD 6K 0.51 118 999 10.583 14.684
EPD 9K 0.54 178 1,538 10.632 14.183
EPD 11K 0.46 226 1,850 10.625 13.965
EPD 15K 0.50 300 2,511 10.505 13.521
0.46 0.48 0.50 0.52 0.54
10.50
10.55
10.60
10.65
fEP
χN
Figure 3.5: χNSCMFTODT for EPD, as calculated using the experimental values for conformational asym-
metry appearing in Table 3.3.
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Figure 3.6: Lamellar d-spacing prediction from self-consistent mean-field theory for SSD 10K and
SSEP 12K as a function of χ. Dashed lines show Semenov’s SSL prediction (d ∝ χ1/6).118
Discussion
The data presented above contain a wealth of information regarding the thermodynamic behavior
of the SS/EP/D family of block copolymers. In this section we analyze these data within the context
of Helfand’s mean-field theory to deduce the relevant χ parameters. While its formulation suggests
that χ should be a universal parameter, it may be extracted through a number of contexts ranging from
membrane osmometry in dilute solution; static light scattering in dilute solution; binary blend phase
separation studies; small angle scattering in the disordered state; and in block copolymers, from the
equilibrium morphology and comparison of experimentally determined phase transitions compared to
theory. Each experiment yields a χ-value slightly different than another, and best practice dictates
measuring χ in the manner most closely related to that in which it will be used.93,119
For weakly to intermediately segregated systems with experimentally accessible TODT s, the rela-
tionship χ(TODT ) =
χNSCMFTODT
N generally correlates well with the form χ(T ) =
α
T +β, where the parameter
α is directly related to the excess enthalpy of mixing and β the excess entropy.94,119–121 This strategy
for measuring χ(T ) is ideally suited for use in conjunction with SCMFT for the prediction of phase
behavior. Figure 3.7 shows χ(T−1) for EPD where χ(T−1ODT ) =
(χN)SCMFTODT
N , using the data from Figure
3.5, Table A.1, and Table 3.4. Linear regression yields χ(T ) = 18.4T − 9.210000 . At the modest molecular
weights employed in this study, fluctuation effects cause SCMFT to overestimate the stability of the
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disordered phase. For comparison with SCMFT, we also show the results of the BLFH treatment of
fluctuation effects in Figure 3.7.
χ(T−1ODT ) =
(χN)SCMFTODT
N , using the data from Figure 4, Table 2, and Table 4. Linear regres-
sion yields χ(T ) = 18.4T − 9.210000 . At the modest molecular weights employed in this study,
fluctuation effects cause SCMFT to overestimate the stability of the disordered phase. For
comparison with SCM T, we also show the results f t BLFH tr atment of fluctuation
effects in Figure 6.
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Figure 6: Correlation of χ(T ) to AT +B for EPD, where χ is determined from rheology-based
TODT measurements (Table 2) and SCMFT calculations for χNODT (Figure 4). χ(T ) as calculated
from BLFH theory is also shown (squares) for comparison.
For intermediately segregated block polymers, the TODT can exceed the thermal de-
composition temperature even at modest molecular weight and the direct measurement
of χ(T ) becomes more complicated. Davidock et al made use of Semenov’s SSL result36
(χN →∞) that directly relates χ to d:
d≈ 1.1aN2/3χ1/6 = 2.7Rg(χN)1/6 (5)
in their work demonstrating the stability of the bicontinuous double gyroid phase in low
molecular weight yet strongly segregated diblock copolymers.40 dwas measured directly
through SAXS and then χ inferred using EQN. (5). Park and Balsara later included this
approach in their study of SSEP phase behavior.3 While this method is certainly use-
18
Figure 3.7: Correlation of χ(T ) to AT +B for EPD, where χ is determined from rheology-based TODT
measurements (Table A.1) and SCMFT calculations for χNODT (Figure 3.5). χ(T ) as calculated from
BLFH theory is also shown (squares) for comparison.
For intermediately segregated block polymers, the TODT can exceed the thermal decomposition
temperature even at modest molecular weight and the direct measurement of χ(T ) becomes more com-
plicated. Davidock et al made use of Semenov’s SSL result118 (χN → ∞) that directly relates χ to d:
d ≈ 1.1aN2/3χ1/6 = 2.7Rg(χN)1/6 (3.4)
in their work demonstrating the stability of the bicontinuous double gyroid phase in low molecular
weight yet strongly segregated diblock copolymers.122 d was measured directly through SAXS and
then χ inferred using EQN. (3.4). Park and Balsara later included this approach in their study of SSEP
phase behavior.85 While this method is certainly useful for producing order-of-magnitude estimates
of χ, from a quantitative perspective the 6th-order amplification of uncertainties in the measurement
of d, a, and N is unf rtunate. Mo eover, EQN. (3.4) will nly quantitatively agree with the SCFMT
continuous Gaussian model in the asymptotic limit, χN≫ 1000, although the scaling relationship
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d ∝ χ1/6 is approximately realized within SCMFT at much smaller values of χN, as is evident in
ful for producing order-of-magnitude estimates of χ, from a quantitative perspective the
6th-order amplification of uncertainties in the measurement of d, a, and N is unfortunate.
Moreover, EQN. (5) will only quantitatively agree with the SCFMT continuous Gaussian
model in the asymptotic limit, χN≫ 1000, although the scaling relationship d ∝ χ1/6 is
approximately realized within SCMFT at much smaller values of χN , as is evident in
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Figure 7: χ(T−1) for EPD as determined from SCMFT-calculated lamellar d-spacing. The col-
ored data are repeated from Figure 6 for comparison. While there is agreement within roughly
1
2 -order-of-magnitude, the strong predicted dependence of d on χmakes quantitative χ-estimates
from d-spacing an unrealistic proposition, even when extra care is taken to adjust the theory (as
we have) to the specific system.
Figure 5. To illustrate these points we show in Figure 7 the values of χ required within
SCMFT to produce EPD lamellae with the d-spacings displayed in Figure 1. The χ-values
inferred from d-spacing in Figure 7 follow the typical linear dependence in T−1, yet fail to
conform to a single master curve, i.e., there appears to be a molecular weight dependence
that is not anticipated by the theory. This behavior is not a consequence of fluctuation ef-
fects as is evident by comparison of d-inferred χSCMFT values with those deduced from
the BLFH theory. We expect that this is largely due to the experimental uncertainties in
values for ai, f , andN ; another more fundamental aspect that may play a role is failure of
the continuous Gaussian chain model to quantitatively account for the chain dimensions
of the modest sizes presented in this study. An interesting extension of these experiments
would be to determine if χ(T ) as measured from d spacing converges to a single curve as
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Figure 3.8: χ(T−1) for EPD as determined from SCMFT-calculated lamellar d-spacing. The colored
data are repeated from Figure 3.7 for comparison. While there is agreement within roughly 12 -order-of-
magnitude, the strong predicted dependence of d on χ makes quantitative χ-estimates from d-spacing
an unrealistic proposition, even when extra care is taken to adjust the theory (as we have) to the specific
system.
Figure 3.6. To illustrate these points we show in Figure 3.8 the values of χ required within SCMFT
to produce EPD lamellae with the d-spacings displayed in Figure 3.2. The χ-values inferred from
d-spacing in Figure 3.8 follow the typical linear dependence in T−1, yet fail to conform to a single
master curve, i.e., there appears to be a molecular weight dependence that is not anticipated by the
theory. This behavior is not a consequence of fluctuation effects as is evident by comparison of d-
inferred χSCMFT values with those deduced from the BLFH theory. We expect that this is largely due
to the experimental uncertainties in values for ai, f , and N; another more fundamental aspect that may
play a role is failure of the continuous Gaussian chain model to quantitatively account for the chain
dimensions of the modest sizes presented in this study. An interesting extension of these experiments
would be to determine if χ(T ) as measured from d spacing converges to a single curve as the molecular
weight is increased. Thus while χ(T ) from d-spacing generates values of similar magnitude to χ(T )
derived from TODT , the former method appears to systematically overestimate the magnitude of the
interaction parameter.
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the molecular weight is increased. Thus while χ(T ) from d-spacing generates values of
similar magnitude to χ(T ) derived from TODT , the former method appears to systemati-
cally overestimate the magnitude of the interaction parameter.
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Figure 8: χ(25−30◦C,x) for SSEP , calculated as the value required to produce the experimentally
determined lamellar d-spacing in SCMFT. Calculations include the polymers of the present study
(25 ◦C) and those from Ref. 3 (30 ◦C). Each series follows a roughly linear relationship between x
and χ. The copolymer mixing theory (curve shown in red for illustrative purposes), as discussed
in the text, is not theoretically applicable to d-based interaction parameters.
With these caveats in place, we proceed to estimate χ(25◦C) for SSEP and SSD as
a function of sulfonation extent. Figure 8 plots χSSEP (x), as determined by the SCFMT
d-spacing, as a function of x for the SSEP polymers of the present study along with lamel-
lar specimens from the study of Park and Balsara.3 There is a considerable degree of vari-
ability amongst specimen which again reflects the exacerbation of small uncertainties in
the molecular characteristics of each by the strong dependence of d on χ. For each fam-
ily prepared from the same parent SEP polymer, the data appear to trend monotonically
with x in each case.
There are three binary interactions present in this system: (pure) SS/EP , (pure) S/EP ,
and (pure) S/(pure) SS , i.e., the SS block is a random copolymer of pure styrene and
sulfonated styrene segments. In polymer blends such as those considered by Zhou et al,14
or the disordered state in block copolymers, the χS/SS interaction can play a significant role
in the qualitative thermodynamic behavior of the system, a phenomenon known as the
“copolymer effect”:14,41 A binary blend of A and B may phase separate given a particular
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Figure 3.9: χ(25− 30 ◦C,x) for SSEP, calculated as the value r quired to produce the xperimentally
determined lamellar d-spacing in SCMFT. Calculations include the polymers of the present study (25
◦C) and those from Ref.85 (30 ◦C). Each series follows a roughly linear relationship between x and χ.
The copolymer mixing theory (curve shown in red for illustrative purposes), as discussed in the text, is
not theoretically applicable to d-based interaction parameters.
With these caveats in place, we proceed to estimate χ(25 ◦C) for SSEP a d SSD as a function of
sulfonation extent. Figure 3.9 plots χSSEP(x), as determined by the SCFMT −spacing, as a function
of x for the SSEP poly ers of the present study along with lamellar specimens from the study of Park
and Balsara.85 There is a considerable degree of variability amongst specimen which again reflects the
exacerbation of small uncertainties in the molecular characteristics of each by the strong dependence
of d on χ. For each family prepared from the same parent SEP polymer, the data appear to trend
monotonically with x in each case.
There are three binary interactions present in this system: (pure) SS/EP, (pure) S/EP, and (pure)
S/(pure) SS, i.e., the SS block is a random copolymer of pure styrene and sulfonated styrene segments.
In polymer blends such as those considered by Zhou et al,96 or the disordered state in block copoly-
mers, the χS/SS interaction can play a significant role in the qualitative thermodynamic behavior of
the system, a phenomenon known as the “copolymer effect”:96,123 A binary blend of A and B may
phase separate given a particular χAB. Suppose A is co-polymerized with C, such that χBC < χAC:
a blend of A− co−C and B will have a lesser tendency to phase separate because less unfavor-
able B/C contacts dilute the more unfavorable A/C contacts. If A and C segments have freedom
to rearrange (i.e., a statistical copolymer, or a disordered melt), the mean-field interaction energy
Fm f = fA fBχAB + fA fCχAC + fB fCχBC factors to the familiar copolymer formula for the effective in-
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teraction parameter:123
χe f f ≡ F
m f
fA/C fB
= χA/C−B = xχBC +(1− x)χAB+ x(1− x)χAC (3.5)
where the definitions fA/C = fA + fC, fA = (1− x) fA/C, and x as the faction of C segments in the
A/C copolymer have been invoked.
These factors indicate that because the SS/EP interaction is weaker than the SS/S interaction,85 the
disordered state in SS/EP polymers can be promoted due to the net reduction of S/SS contacts compared
to an ordered system; this consideration is likely why some of the very low molecular weight SSEP
specimens considered by Park and Balsara were found to have accessible TODT s. The “colpolymer”
effect is relevant in the description of the ODT because the assumptions of the “copolymer effect”
apply: χSS/EP parameters based on TODT measurements should be expected to conform to EQN. (3.5).
On the other hand, the copolymer equation does not pertain to d-spacing-derived χ parameters.
This is because the underlying theory is placed — by construction — into the strongly segregated state
where the “dilution of contacts” argument breaks down since all A/C contacts are confined to a separate
phase in which B segments are absent. Thus the failure of EQN. (3.5) (red curve, Figure 3.9) to describe
our data is not surprising because it is not applicable to strongly segregated melts.
Figure 3.10 shows χSSD(x) as computed from SCFMT and the measured d-spacings in Table B.1.
Again, we observe different but roughly linear dependencies of the SCMFT χSSD parameter as the sul-
fonation extent varies for each of the three molecular weight series. Clearly, the nature of the SS/D
interaction is fundamentally different than that of SS/EP as the apparent χ is roughly 3 orders of mag-
nitude greater.
In spite of the uncertainties involved with the extraction of χ from d, clearly as x tends to unity,
χSSD ∼ 400−600, according to SCMFT (and the SSL) and the continuous Gaussian chain model em-
ployed to evaluate it. To put this value into context, according to solubility parameter theory, the SS
solubility parameter can be written as δSS = dD +
RT
Vre f
χ1/2SSD = 204
(
cal
cm3
)1/2
at room temperature using
the tabulated value124 δD = 7.4
(
cal
cm3
)1/2
and χSSD = 400. Does this imply that SCMFT and the SSL
predict that the cohesive energy density for SS is on the order of 40 kcalcm3 , or 575
kJ
mol (the C−C bond
energy is only 348 kJmol )? We think not.
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Figure 9: χ(25◦C,x) for SSD, calculated as the value required to produce the experimentally
determined lamellar d-spacing in SCMFT. Again we observe monotonically increasing trends for
all specimens; there is no evidence to support the conclusion that the copolymer mixing theory is
adequate in the description of the thermodynamics of this system.
as the apparent χ is roughly 3 orders of magnitude greater. In spite of the uncertainties
involved with the extraction of χ from d, clearly as x tends to unity, χSSD ∼ 400− 600,
according to SCMFT (and the SSL) and the continuous Gaussian chain model employed to eval-
uate it. To put this value into context, according to solubility parameter theory, the SS
solubility parameter can be written as δSS = dD + RTVref χ
1/2
SSD
= 204
(
cal
cm3
)1/2
at room tem-
perature using the tabulated value42 δD = 7.4
(
cal
cm3
)1/2
and χSSD = 400. Does this imply
that SCMFT and the SSL predict that the cohesive energy density for SS is on the order of
40kcal
cm3
, or 575 kJmol (the C−C bond energy is only 348 kJmol )? We think not.
The underlying problem is that in the Gaussian chainmodel chains are infinitely extensi-
ble, i.e., d→∞ as χ→∞. This is mathematically convenient and in “traditional” polymer
systems it poses no issue, since the model predicts the correct elastic restoring force to
balance typical interaction strengths. However, the model is springlike to infinite exten-
sion, i.e., there is nothing in it to “tauten” the chain as it approaches its contour length.
However, in a real chain the elastic potential will approach the backbone bond energy as
the chain becomes fully extended, i.e., as its end-to-end distance approaches the contour
length ü.
Clearly then, the SSD interaction has surpassed the limits of applicability of the Gaus-
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Figure 3.10: χ(25 ◦C,x) for SSD, calculated as the value required to produce the experimentally de-
termined lamellar d-spacing in SCMFT. Again we observe monotonically increasing trends for all
specimens; there is no evidence to support the conclusion that the copolymer mixing theory is adequate
in the description of the thermodynamics of this system.
The underlying problem is that in the Gaussian chain model chains are infinitely extensible, i.e.,
d→ ∞ as χ→ ∞. This is mathematically convenient and in “traditional” polymer systems it poses no
issue, since the model predicts the correct elastic restoring force to balance typical interaction strengths.
However, the model is springlike to infinite extension, i.e., there is nothing in it to “tauten” the chain
as it approaches its contour length. However, in a real chain the elastic potential will approach the
backbone bond nergy as the chain becomes fully extended, i.e., as its end-to-end distance approaches
the contour length `.
Clearly then, the SSD interaction has surpassed the limits of applicability of the Gaussian chain
model, and consequently it has produced non-physical values of χSSD. To further illustrate this point,
we summarize the d-spacing data normalized by 2` for all samples considered in this study as a function
of x in Figure ??. The quantity 2`may be viewed as an upper bound for the lamellar period in a diblock
copolymer system, which would be realiz d physical by each block stretching to its contour length.
For SSEP and EPD, d2` < 0.5, typical of many block copolymers. In the SSD series, however,
d
2` >
0.75 for x > 0.2, approaching unity as x is increased. These observations indicate that SSD polymers
approach maximal extension given a sufficient sulfonation level.
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The continuous Gaussian chain fails to describe these polymers since it includes no limit to its
extensibility; that is, each differential chain segment is treated as a Hookean spring with a spring
constant of 3kBTa2 . Consequently, both SCMFT and SST predict limχ→∞ d = ∞ while in the physical
system limχ→∞ d = 2`. As such, SCMFT/SST predictions in highly segregated systems such as these
cannot be relied upon to predict experimental behavior. This shortcoming could be alleviated by using
a nonlinear chain model such the Kratky-Porod wormlike chain or a discrete bead-spring model with
finite extensibility, e.g., the Finitely Extensible Nonlinear Elastic (FENE) model.125,126 Nonetheless,
once the d-spacing for a diblock copolymer system has saturated in the manner we observe for SSD, its
utility for the estimation of interaction parameters is reduced.
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Figure 10: Ratio of the lamellar d-spacing at 25 ◦C to the estimated maximum d-spacing, i.e., d2ü .
Very interestingly, we have also discovered that the SSD system is so strongly seg-
regated that it clearly surpasses the limits of the traditional SSL and SCMFT theories
commonly used to treat block copolymer systems: χSS/D is so strong that SSD diblock
copolymers begin to extend to their contour length, placing them beyond the regime treat-
able with continuous Gaussian conformational statistics. This is evident from the clearly
non-physical values of χSSD produced by the blind application of the theory to the data.
Accordingly, we hope that these findings will serve as a cautionary note to future re-
searchers wishing to use d-spacing to estimate χ.
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Figure 3.11: Ratio of the lamellar d-spacing at 25 ◦C to the estimated maximum d-spacing, i.e., d2` .
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Conclusions
We have synthesized and characterized several diblock copolymers containing the three binary
interactions of the ternary system SS, EP, and D. With the use of SAXS measurements and the use
of SCFMT effective interaction parameters were calculated for the systems, yielding χSSD≫ χSSEP >
χDEP from d-spacing measurements. We have have illustrated that the copolymer mixing equation for
χe f f is not appropriate for interaction parameters measured in this fashion.
Very interestingly, we have also discovered that the SSD system is so strongly segregated that it
clearly surpasses the limits of the traditional SSL and SCMFT theories commonly used to treat block
copolymer systems: χSS/D is so strong that SSD diblock copolymers begin to extend to their contour
length, placing them beyond the regime treatable with continuous Gaussian conformational statistics.
This is evident from the clearly non-physical values of χSSD produced by the blind application of the
theory to the data. Accordingly, we hope that these findings will serve as a cautionary note to future
researchers wishing to use d-spacing to estimate χ.
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CHAPTER 4 NONCOVALENT PHASE INVERSION OF STRONGLY
SEGREGATED POLYANIONIC BLOCK COPOLYMERS FOR DISPERSION OF
SWNTs
Reproduced with permission from Hernandez, N. B.; Benson, C.; Cochran, E. W.
Nacu´ Herna´ndez, Calvin Benson, and Eric W. Cochran
Abstract
In this article we examine the use of a noncovalent phase inversion method to disperse SWNTs with the use of
strongly segregated polyanionic block copolymers. Different blocks containing a combination of poly(dimethylsiloxane)
/ poly(ethylene-stat-propylene) / poly(styrene-ran-styrene sulfonic acid), D/EP/SS were used for the study. We
made use of wide and small angle x-ray scattering, electron microscopy, and impedance spectroscopy to charac-
terize and prove nanotube dispersion. We found that this technique was successful in dispersing SWNTs into the
different blocks without harming the physical integrity of the nanotubes.
Introduction
Fuel cells have been developed as an alternative power source for commercial, industrial, and residential
applications thanks to their high energy efficiency and low emissions. Polymer electrolyte fuel cells (PEFCs)
have received the most attention for mobile electronic devices,127 and for the automotive sector128 due to their
high volume power density.129 Research on PEFCs has focused on developing new membranes that can operate
at higher temperature without suffering degradation.130 This leads to enhanced catalytic activity and improved
water management inside the cell, avoiding membrane dehydration, and catalyst. flooding131,132 Additionally,
the creation of new catalysts with enhanced activity and selectivity will eventually help to overcome some of the
hurdles needed to make fuel cells become economically viable, namely high catalyst cost and low power density.
Recent work has made use of the self-assembly properties of block copolymers (BCPs) in battery and fuel
cell technologies. Moreover, the addition of BCPs containing charged species, e.g. the sulfonic acid (SO–3)
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group, has given the ability of polymeric membranes to possess ion exchange capabilities.133,134 Ionic BCPs
have also been studied extensively for a wide variety of applications ranging from adhesives, water purifica-
tion membranes,135,136 and as materials for chemical sensing. Moreover, the use of ionic functional groups
enhances physical and chemical properties of the membranes by increasing their proton and water transport ca-
pabilities, hydrophilicity, melt viscosity, membrane selectivity (proton conductivity/methanol permeability), and
elevating the glass transition temperature (Tg) (caused by limiting the movement of the polystyrene chains),127
making them suitable for use in the fuel cell industry as substitutes for the perfluorosulfonated ionomers, e.g.
Nafion R©.127,137,138
The use of BCPs to template the spatial organization of filler particles with characteristic length scales on
the order of the BCP domain spacing (d-spacing) has received an increasing amount of attention over the past
decade. Efforts have been focused on the dispersion of nanoparticles in polymeric matrices that can enhance
their properties, including catalytic activity, electrical and thermal conductivity, mechanical strength, permeabil-
ity, etc. . . 139,140 Among these nanoparticles, carbon nanotubes (CNTs) have gotten special attention due to their
outstanding electronic, thermal, and mechanical properties, making them suitable for a broad range of appli-
cations.141 Applications such as platinum (Pt) support for PEFCs, which has the potential to improve catalyst
utilization by providing a continuous electronic route from the Pt to the PEFCs’ electrode.142 Carbon nanotubes,
specifically single wall carbon nanotubes (SWNTs), are a lattice of hexagons rolled into a cylindrical shape,143 1-
2 nm in diameter and a length in the micron scale144 leading to a high aspect ratio (length/diameter) 1000.145
However, SWNTs have a tendency to form van der Waals crystals or bundles of 100-500 nanotubes,145 due to the
strong van der Waals interaction between the tubes, causing a negative effect on their properties.144 This tendency
to aggregate and their low solubility in most solvents and polymers have been the greatest challenges to overcome
for the widespread of their applications.139,140,146 Thus the need to achieve good nanotubes’ dispersion, which in
the case of SWNTs constitutes a very complex task as result of their very high aspect ratios, as they are subject to
entanglement.143 Researchers have targeted the dispersion and processability of CNTs with distinct techniques
such as: high energy sonication;147 the use of surfactants;148,149 strong acid treatments;150,151 pi− pi interac-
tions;152,153 and covalent modification of the tubes through fluorination, ozonolysis, osmylation, or azomethine
ylides.154 Also researchers have functionalized SWNTs using copper(I) “click” coupling of azide-terminated
polystyrene,146 or by attaching initiators to the tubes and polymerizing via (controlled) radical polymerization a
variety of monomers from them.141,142,155,156 Others have modified the tubes using sulphuric acid followed by a
phase-inversion method to fabricate membranes with semidispersed CNTs.150,151,157 Phase-inversion techniques
have attracted increased attention due to their facility and efficiency to produce nanocomposites.157 Nonethe-
less these methods modify the physical structure of the nanotubes, leading to a reduction in their electronic and
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mechanical properties. Current research has been targeted to overcome degradation of the tubes by the imple-
mentation of non-covalent dispersion techniques. These methods involve the physical adsorption of molecules
that separate SWNTs enough to reduce the attractive forces between them. Among the most commonly used
dispersants are polymers. Polymer-modified CNTs have shown to have the ability to dissolve in various solvents
forming homogeneous solutions. Connell et al were able to solubilize SWNTs in water using linear polyvinyl
pyrrolidone and polystyrene sulfonate.158 Shvartzman-Cohen et al were able to disperse nanotubes in a variety
of organic and aqueous solvents using diblock and triblock copolymers.144 Shin et al dispersed SWNTs using
amphiphilic polystyrene-block-poly(4-vinylpyridine) micelles in organic solvents. They found that BCP micelles
provided better stabilization of the tubes as compared to surfactants or high molecular weight polymers.159 Park
et al used hydrophilic poly(2-ethyl-2-oxazoline) and hydrophobic poly(ε-caprolactone), an amphiphilic diblock
copolymer, to produce SWNTs encapsulated in the polymers without denaturation of the tubes.160 Satake et al
synthesized stable SWCNTs composites dispersed by the condensation of tetraformylporphyrins and diaminopy-
renes on the SWNTs.161 Cotiuga et al solubilized SWNTs into water using polystyrene-block-poly(ethylene
oxide) and poly(methyl methacrylate)-block-poly(ethylene oxide), under ultrasonic irradiation.162 Sung et al
controlled the disperssion of SWNTs in a non-polar organic solvent by using a series of polystyrene-block-
polybutadiene-block-polystyrene BCPs containing a cholesteryl chloroformate in side chains.163
A new area in SWNTs’ dispersion is dealing with the selective localization of the nanotubes within the
block which enables scientist to continue research on nanomaterials containing carbon nanotubes with tunable
architecture and orientation. Park et al were the first to selectively disperse nanotubes in the PS domain of
a poly(styrene-b-isoprene) BCP by modifying the tubes and grafting PS into them followed by their selective
placing within the PS domain of the BCP.140
In this paper, we report the selective dispersion of SWNTs within the PS domain of different strongly seg-
regated polyanionic BCPs all containing a sulfonated polystyrene block (SS). For the best of knowledge we are
the first to attempt to use a phase inversion method and at the same time selectively disperse nanotubes without
the prior covalent modification of the tubes. With this technique SWNTs will noncovalently attach to the (SS)
block leaving the EP & D blocks as stabilizers, presenting a new way of dispersion nanotubes without jeopar-
dizing the physical integrity of the tubes. Our hopes is that this process will aid the fabrication and research
of nanocomposites, were the morphology and the materials’ properties can be modified according to their end
applications.
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Experimental
Materials SWNTs were purchased from Cheap Nanotubes Inc. and used without further purification. Hex-
amethylcyclotrisiloxane (Acros) was stirred over calcium hydride and cyclohexane for 12 h prior to distillation.
Isoprene (Acros) was purified by three consecutive vacuum distillations from n-butyllithium, after stirring at 0 ◦C
for 3-5h in each case; in the last batch sec-butyl lithium was injected and stirred for 30 min prior to distillation.
Styrene (Fisher) was purified by vacuum distillation from dibutylmagnesium. Sec-butyllithium molarity was
determined by using the Gilman double-titration method.164,165 Cyclohexane (Fisher) was purified by passage
through a Q5 (Engelhard) catalyst column and activated alumina column.166 Tetrahydrofuran (THF) was purified
by passage through activated alumina. All other chemicals were used as received without further purification.
Synthesis of Block Copolymers All block copolymerizations were conducted with living sequential anionic
polymerization in a 500 mL round-bottom flask equipped with an Airfree adapter, an injection port, and a mag-
netic stir bar dried for 8 h at 100◦C prior to use. Poly(styrene-b-isoprene) (SI) was prepared under argon, in
cyclohexane as the solvent and with sec-butyl lithium as the initiator. Each block was reacted for 8 h at 40 ◦C and
terminated using degassed methanol. Poly(styrene-b-dimethylsiloxane) (SD) was prepared in the same fashion
as SI, adding a 25% mass solution of D3 in cyclohexane after the styrene polymerization was completed. The
temperature was reduced to 25 ◦C and 24 h were allowed to elapse to give time for the complete crossover to D
polymerization. THF was then added to the reaction in a 50:50 vol THFvol cyclohexane ratio, as the reaction needs a polar
promoter to proceed.167 The D3 addition was allowed to continue for 4 h (corresponding to 50% conversion) and
was then terminated using trimethylchlorosilane. All diblock copolymers were nearly volumetrically symmetric.
ID was synthesized analogously to SD.
Hydrogenation Procedure Blocks are hydrogenated to provide them with a greater stability against degrada-
tion and prevent them from being sulfonated in the sulfonation of the styrene blocks. Hydrogenation of isoprene
blocks was carried out using the procedure described by Phinyocheep et al.168 This method was chosen as it has
a selectivity towards alkenes, furthermore not affecting aromatic double bonds. The reaction takes place in a 2L
round-flask equipped with a stir bar and rubber septum. Polymer is added to a the reaction to obtain a solution
with a concentration of 2% (w/v) polymer in o-xylene. A 4:1 molar ratio of p-toluenesulfonylhydrazide to iso-
prene double bonds is added. The reaction is bubbled with argon for 30min and then allowed to proceed for 8 h
at 135 ◦C. The mixture is then washed several times with water and then passed through a column packed with
activated basic alumina to remove byproducts. Excess solvent is evaporated and the polymer is precipitated using
a 3:1 ratio of methanol to isopropanol. The product (PS-EP) is then vacuum dried for 48 h at 75 ◦C. 1H-NMR
spectra was done to prove complete hydrogenation.
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Figure 4.1: Scheme of the the three procedures used to synthesize the different diblocks. (a) Hydro-
genation of the S-I diblock, followed by the sulfonation of the PS-b-EP diblock. (b) Sulfonation of the
S-D diblock. (c) Hydrogenation of the I-D diblock.
Sulfonation Procedure BCPs were sulfonated following the procedures described by Makowski.169 Styrenic
polymers were dissolved in a 10:1 ratio of dichloroethane to polymer and stirred at 40◦C under argon. Acetyl sul-
fate was prepared by mixing stoichiometric amounts of acetic anhydride and dichloroethane in a round-bottom
flask and purged with argon; the solution was then cooled to 0 ◦C followed by the injection of sulfuric acid.
Acetyl sulfate was added to the reaction flask containing the polymer. The reaction was allowed to proceed for
2h and terminated using isopropanol. Different degrees of sulfonation were obtained by increasing the amount
of acetyl sulfate added to the reaction. The product was purified, using the technique described by Park et al:133
7 days of dialysis against running water in a cross-flow configuration, using a cellulose dialysis membrane with a
3.5 kg/mol molecular weight cutoff. The polymer was recovered using a rotary evaporator and vacuum dried for
at least 48h at 75 ◦C. Degree of sulfonation (x, % styrene units sulfonated) was calculated using the procedure
described by Park et al.133
The complete reaction procedure is summarized in Figure 4.1.
Dispersion of SWCNTs by block copolymers The BCPs were dissolved the polymer in water (selective
solvent) and small amounts of THF and stirred at 40 ◦C until the polymer was completely dissolved, as the degree
of sulfonation increase more THF was required to dissolve the BCPs. Meanwhile, SWNTs at a concentration of
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0.5% by weight, were sonicated for 15-20 min in water and then added to the polymer solution. The reaction
was sonicated, stirred and THF was added dropwise to the system. The product was then precipitated, collected,
and vacuum dried for 48 h at 75 ◦C.
Molecular Characterization 1H-NMR spectra were determined on a Varian VXR-300 spectrometer in
deuterated chloroform (CDCL3) or a 50/50z deuterated tetrahydrofuran / D2O solution at room temperature.
Molecular weights and molecular weight distributions were determined via gel permeation chromatography
(GPC) with respect to polystyrene standards, using HPLC chloroform as the solvent, in a Waters 717 autosampler
and a Waters 515 HPLC system using a Waters 2414 refractive index detector. A HPLC tetrahydrofuran GPC
was used for samples that were not soluble in chloroform.
Electron Microscopy Real-space images of BCPs were collected with a Tecnai G2 F20 scanning/transmission
electron microscope at a high tension voltage of 200 kV by either solvent casting (water/THF) the BCPs onto
copper grids coated with a holey carbon film and annealed for 2 h at 80◦C; or by ultrathin (≈ 80 nm) sectioning of
the BCPs at cryogenic temperature using a Leica Ultramicrotome Ultracut 125UCT, with a Leica EM FCS cryo-
stage. Scanning Electron Microscope(SEM) experiments were conducted on a FEI Quanta-250 field-emission at
a voltage of 10 kV, cryo-fracturing the sample prior to imaging.
Small-Angle X-ray Scattering Small angle x-ray scattering experiments were conducted on a Rigaku cop-
per Kα source instrument. The microfocus cathode source was operated at 40 kv and 30 mA and the charge-
coupled device (CCD) detector measured the x-ray scattering in pico-amperes. Samples were enclosed in Kapton
tape and suspended in a temperate controlled holder (maximum heating temperature 350◦C) inside an evacuated
chamber with a sample to detector distance of 2 m. Silver behanate was used as a calibration standard. SS-D
x-ray scattering was measured using an Anton Paar SAXSess instrument (SAXSess) instrument located at the
Characterization Facility at the University of Minnesota — Twin Cities. Samples were placed in a Cu sample
holder and scattering was measured at room temperature for 25 min, operating at 45 kV and 40 mA.
Wide angle x-ray scattering (WAXS) Data collection was performed on a SCINTAG XDS2000 using a
multi-purpose powder diffractometer with KEVEX Peltier Cooled Silicon Detector and using a Bragg-Brentano
theta-theta configuration. Measurements were taken at room temperature with CuKα radiation for 1 h.
Impedance Spectroscopy Samples were pressed onto 6.4 mm diameter disks and coated with a 50 nm
gold layer, to improve contact within the electrodes. Measurements were performed at temperatures from 30 ◦C
to 70 ◦C with 10 ◦C increments and from 0.1 Hz to 10 MHz using a Novocontrol Technologies Concept 80
impedance spectrometer.
Viscoelastic/Thermal Characterization A TA Instruments ARES-LS1 strain controlled rheometer with a
convection oven was used to test the diblocks rheology under nitrogen gas flow to prevent polymer degradation.
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Samples were tested in a parallel plate geometry using a temperature ramp test at heating rate of 5◦C and a strain
of 2%. Rheology data were not obtainable from sulfonated BCPs due to their highly brittle nature and absence
of a glass transition below 200 ◦C.
DSC experiments were conducted on a TA-Instruments Q2000 Differential Scanning Calorimeter equipped
with liquid nitrogen cooling system (LNCS). Three consecutive heating and cooling runs where done for each
sample (-100 ◦C to 200 ◦C) using standard aluminum pans.
Results and Discussion
This contribution presents the selective dispersion of SWNTs into the styrene sulfonate (SS) block of a series
of strongly segregated polyanionic BCPs, listed in Table 4.1.
Table 4.1: Diblock copolymers synthesized for the dispersion of SWNTs.
Sample Mn, Da PDI fSS x D
∗, nm Suspension
SSEP3K-A NT 3,200 1.04 0.44 28% 8.1 No
SSEP3K-B NT 3,200 1.04 0.44 33% 8.4 No
SSEP3K-C NT 3,200 1.04 0.44 51% 9.0 Yes
SSEP6K-A NT 6,200 1.02 0.46 17% 6.0 No
SSEP9K-A NT 9,200 1.02 0.44 0.32% 11.8 No
SSEP9K-B NT 9,200 1.02 0.44 0.82% 14.7 No
SSD6K-A NT 6,200 1.05 0.44 42% 35.3 Yes
SSD6K-B NT 6,200 1.05 0.44 53% 40.8 No
SSD6K-C NT 6,200 1.05 0.44 78% 36.7 Yes
SSD10K-A NT 10,400 1.03 0.48 19% 27.6 Yes
SSD10K-B NT 10,400 1.03 0.48 27% 49.5 No
SSD10K-C NT 10,400 1.03 0.48 61% 58.0 No
SSD13K-A NT 13,300 1.02 0.46 12% 34.4 No
SSD13K-B NT 13,300 1.02 0.46 21% 40.8 Yes
EPD11K NT 11,500 1.02 0.46 — 19.0 No
EPD12K NT 11,900 1.18 0.49 — 19.24 No
SSEPD NT 5,600 1.03 0.38 66% — Yes
SSEPSSDA NT 11,800 1.02 0.58 23% — Yes
SSEPSSDB NT 11,800 1.02 0.58 45% — No
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Phase Inversion Method
For this process, a solvent able to dissolve the hydrophilic SS block and not the EP or the D blocks was
desired. Water was the chosen solvent as it met the initial solubility requirements. Polymers were dissolved in
water and the SWNTs were added, however a stable dispersion was not obtained. Thus a second solvent, THF,
was gradually added until the SS block became insoluble in the now predominantly THF solution. It was observed
that as THF was added two different outcomes occurred: the most common one was that (1) the polymers
crashed out of solution and in the process trapped the SWNTs with them, or (2) the solution gradually increased
in viscosity followed by the formation of a stable ink-like solution (phase inversion), see Figure 4.2(a). The
phase inversion trapped the carbon nanotubes in the insoluble block leaving the EP and D to provide dispersion
of the tubes. Polymers that caused this phenomenon are marked in Table 4.1. The ink-like solution remained
undisturbed for one week and then analyzed under the TEM were dispersed SWNTs could be seen, see Figure 4.2
(b).
Figure 4.2: (a) Image of SS-EP-D A NT showing a stable dispersion of the SWNTs in a mixture of
tetrahydrofuran and water, picture taken after standing at room temperature for one week. (b) TEM
image taken of a drop of the SWNT’s solution, were dispersed nanotubes can be seen.
The process proposed for SWNTs dispersion happens in three stages, see Figure 4.3. In the first stage
the hydrophilic block is solvated in a water/THF solution were the SWNTs are dispersed thanks to continued
sonication. The D and EP blocks are slightly soluble thanks to the small amount of THF present in the solution.
When the concentration of THF starts to increase, the hydrophilic block (SS block) gradually contracts and
micelles start to form. As THF’s concentration further increases the micelles’ inner SS core contracts and the
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phase inversion occurs, leaving the D and the EP blocks fully solvated. By using this non-covalent method
SWNTs are dispersed by their physical association with the hydrophilic SS block leaving the rest of the blocks
extended and free to provide steric stabilization.162 SWNTs were not modified prior to the dispersion which
helps preserve their physical integrity.
Figure 4.3: Diagram showing the phase inversion mechanism of SWNTs sequestration.
A second set of experiments were done to study if the interaction between the nanotubes and the SS block
was the same as with the EP and D blocks. Polymers were dissolved in THF and water was gradually added
to the solution, this caused all the polymers to crash out of solution and no apparent increase in viscosity or
phase inversion was observed. Additionally two different EPD diblocks where dissolved in water/THF and THF
was added, having the same effect as the other diblocks, no increase of viscosity or the formation of an ink-like
solution was seen.
Small/Wide Angle x-ray Scattering
To test the aggregation of the dried SWNTs WAXS scans were performed of pristine nanotubes and of
SWNT-polymer samples. SWNTs when subject to X-ray scattering show a two-dimensional triangular lattice
with peaks at low with peaks at low q’s (q = 0.83, 1.00, 1.47 A−1) and graphitic impurities with peaks around
1.85 A−1, see Figure 4.4, as observed by Shvartzman-Cohen et al.144 On the other hand the WAXS spectrum of
the SWNTs-polymer samples shows that the two-dimensional triangular lattice peaks and the graphitic impurities
peaks have disappeared and a new peak appears at q=1.29 A−1 with the addition of the polymer. These results
are in agreement to those results described by Shvartzman-Cohen et al.144
Change in the domain spacing of the blocks by the addition of SWNTs was measured using SAXS and
SAXess, see Figure 4.5. Scattering data shows that in several samples the addition of the nanotubes changes the
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Figure 4.4: WAXS spectra of SWNTs and of a SSEPD NT nanocomposite. Black colored graph shows
the two-dimensional triangular lattice characteristic of pristine nanotubes with picks at q = 0.83, 1.00,
1.47 A−1, while the blue colored graph shows the disappearance of the picks, plus the appearance of a
new pick at q = 1.29 A−1 with the addition of the polymer.
q∗ values significantly. Sample SSEP 9KB NT q∗ changed from 0.42 nm−1 to 0.52 nm−1 and push its molecular
architecture from a lamellar to a cylindrical one, these morphologies were confirmed using electron microscopy.
These results indicate the possibility of an interaction between the nanotubes and the BCPs.
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Figure 4.5: SAXS data of the SWNTs before (red) and after (blue) the addition of polymers.
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Figure 4.6: SEM images at different BCPs with SWNTs all showing different degrees of dispersion.
a) SSEPD NT, b) SSEPSSD A NT, c) SSEPSSD B NT, and d) SSEP 9KB NT.
Microscopy
SEM and TEM imaging was used to visualize the extent of dispersion of the samples and to further analyze
the SWNTs-diblocks’ molecular architectures while comparing them to those of the original polymers. SEM
images taken from different BCPs, see Figure 4.6, show a dispersion of the nanotubes within the polymer, as
no appreciable bundles of SWNTs can be seen. Although most of the images taken did not show an ordered
phase after the addition of the nanotubes, SEM images of the SSEP 9KB NT diblock revealed that the sample
maintained its architecture after the addition of the SWNTs and also showed a moderate dispersion of the tubes
within a lamellar phase architecture, see Figure 4.7. The same long range order of the sample can be seen in the
TEM image of the product shown in Figure 4.7 d.
Imaging the SSEP 9KA block copolymer, Figure 4.8 a, a cylindrical architecture was seen, this morphology
was not expected as preliminary SAXS data and TEM images, see Figure 4.8 b, indicated a lamellar architecture.
Micrographs indicated that the addition of SWNTs into these BCPs changed the molecular architecture from a
lamellar to a cylindrical one, suggesting the possibility of an interaction between the SWNTs and the BCPs.
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Figure 4.7: a) SEM image of the SSEP 9KB NT that shows a moderate dispersion of the SWNTs
while maintaining its lamellar morphology. b) TEM image of a SSEP 9KB NT, showing the lamellar
morphology.
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Figure 4.8: TEM image of a SSEP 9KA block copolymer: (a) after the SWNTs dispersion where a
cylindrical architecture can be seen and (b) the lamellar morphology before the addition of the nan-
otubes.
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Figure 4.9: Impedance arcs measured at 80 ◦C over logω ∈ [−1, 7] for the polymers and nanocom-
posites considered in this study, where the blue arcs are those of the samples before the addition of the
SWNTs and the red ones are of the samples after the addition of the nanotubes.
Impedance Spectroscopy
Impedance spectroscopy was used to further characterize the degree of dispersion of the samples. Impedance
arcs measured at 80 ◦C, see Figure 4.9, formed to main regions. A region that shows relatively low resistivity and
another one with slightly higher resistivity.
Impedance spectroscopy data revealed that some samples had a lower resistivity than others. We suggest
that these results have to do with degree of dispersion of the samples. Higher dispersions translate to a higher
resistivity, and a lower dispersion of SWNTs will have a lower resistivity to the flow of electrons through the
BCP. This phenomenon can be explain as bundles of nanotubes are formed they provide multiple paths for the
electrons to flow those having a lower resistance. As dispersion starts to increase electrons will have less available
paths to flow through, furthermore an increase in the resistivity is seen.
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Conclusion
The purpose of this project was to discover the feasibility to disperse SWNTs in BCPs with a high proton
conductive block copolymers using a noncovalent phase inversion technique. All different BCPs were able to
disperse SWNTs into some extent. Several characterization techniques were done to prove the degree of disper-
sion. TEM and SEM images provide a good sense of the degree of SWNTs dispersion. X-ray data and impedance
spectroscopy also provided crucial information that the method utilized indeed was producing dispersion.
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CHAPTER 5 ORDERED NANOSCALE NETWORK PHASES IN LINEAR
POLY(STYRENE SULFONIC
ACID-b-ETHYLENE-stat-PROPYLENE-b-DIMETHYLSILOXANE
Introduction
Block copolymers (BCP), macromolecules composed of two or more distinct polymer chains joined cova-
lently end-to-end, have been widely used in industry and everyday consumer products. Their importance relies
on their unique ability to go through microphase separation/self-assembly and in the fact that the resulting
material exhibits the properties of its individual components.170 In block copolymers distinct blocks segregate
into well-defined mesodomains to minimize the interfacial contact between them, producing an array of nanos-
tructures, e.g., spherical, cylindrical, and the double gyroid network morphology. These morphologies are of
special interest in the scientific community for their potential to be used in the design of materials with specific
transport, structural, optical properties that could be used in a wide range of applications, e.g., membranes.171
BCP microphase separation is driven by the chemical incompatibilities between the different components of
the block.172 Most polymer species are immiscible in each other (even minor chemical differences between the
distinct blocks produce enough free energy to make mixing unfavorable), furthermore the chains segregate into
separate domains to minimize the interfacial contact between them, producing an array of nanostructures. The
distinct blocks do not macroscopically phase separate, as in mixtures of two homopolymers, because of the co-
valent bond between them.173 In linear diblock compolymers, essentially two canonical parameters govern the
phase BCPs phase behavior: the copolymer volumetric composition, f , and the degree of segregation, χN, where
χ is the Flory-Huggins interaction parameter (thermal energy per lattice site with volume Vre f ) and
N =
Vpolymer
Vre f
=
1
NavVre f
(
Mn,A
ρA
+
Mn,A
ρA
)
(5.1)
is the renormalized degree of polymerization (number of lattice sites per polymer; ρ is the polymer mass density).
χ describes the free-energy cost per lattice site of contacts between A and B monomers172 and has been investi-
gated extensively investigated in numerous AB BCP systems, mainly poly(styrene-b-isoprene).174,175 Now, when
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synthesizing BCPs with three or more distinct blocks a larger number of architectures can be obtained. Nonethe-
less this brings an increase in the number of parameters governing phase selection, raising new challenges when
trying mapping the phase space.172
As we mentioned in our previous publication we are interested in the use of poly(styrene-ran-styrene sulfonic
acid) (PSS) block copolymers for the development of ion exchange membranes for polymer electrolyte fuel cells
(PEFC). Recent work in battery and fuel cell technology has focused on the incorporation of block copolymers
(BCPs) containing charged species, i.e., the sulfonic acid (SO–3) group, attached as one of the blocks or as part
of the main chain giving them the ability to serve as ion exchange materials.176,177 The use of ionic functional
groups modify the physical and chemical properties of the BCPs by increasing their proton and water transport
capabilities, hydrophilicity, melt viscosity, and glass transition temperature (Tg), making them suitable to use in
the fuel cell industry as substitutes of the perfluorosulfonated ionomers.178,179 In this chapter we investigate the
phase space of linear poly(styrene sulfonic acid-b-ethylene-stat-propylene-b-dimethylsiloxane) BCPs with the
use of small-angle x-ray scattering in hopes to locate the different microphase architectures in the map.
Experimental
Synthesis of Block Copolymers All block copolymerizations, hydrogenation and sulfonation were con-
ducted using the procedure described in Chapter 2.
Molecular Characterization 1H NMR spectra were determined on a Varian VXR-300 spectrometer in
deuterated chloroform (CDCL3). Molecular weights and molecular weight distributions were determined via
gel permeation chromatography (GPC) with respect to polystyrene standards, using HPLC chloroform as the
solvent, in a Waters 717 autosampler and a Waters 515 HPLC system using a Waters 2414 refractive index
detector.
Small-Angle X-ray Scattering Small angle x-ray scattering experiments were conducted on a Rigaku cop-
per Kα source instrument. The microfocus cathode source was operated at 40 kv and 30 mA and the charge-
coupled device (CCD) detector measured the x-ray scattering in pico-amperes. Samples were enclosed in Kapton
tape and suspended in a temperate controlled holder (maximum heating temperature 350◦C) inside an evacuated
chamber with a sample to detector distance of 2 m. Silver behanate was used as a calibration standard.
Results and Discussion
We have synthesized a total of seven distinct compositionally asymmetric ABC triblock terpolymers for this
study, all are composed of different volumetric compositions of SS/EP/D. Most of the BCPs had a higher EP
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Sample Mn, Da PDI fSS fEP fD
SID-1 12,400 1.15 0.23 0.19 0.58
SID-2 7,400 1.15 0.19 0.49 0.32
SID-3 18,400 1.03 0.09 0.55 0.36
SID-4 14,000 1.03 0.72 0.12 0.16
SID-5 21,100 1.03 0.09 0.51 0.41
SID-6 15,000 1.02 0.38 0.49 0.13
SID-7 16,400 1.07 0.08 0.74 0.19
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Figure 5.1: Table showing the seven different triblock copolymers synthesized for this study with their
respective position in the ternary phase diagram.
content for which they lie on the lower left corner of the ternary diagram, see Figure 5.1. Figure 5.1 also shows
a table with a summary of the molecular and morphological characteristics of the copolymers. All samples
exhibited low polydispersity (< 1.15). All samples (isoprene’s double bonds) were fully hydrogenated and can
be seen by the absence of signal around 5-5.5 ppm in the 1H-NMR, see Figure 5.2. Sulfonation level was not
able to be quantified as samples appeared to have crosslinked while drying, this phenomenon was caused by not
allowing the polymers to be in contact with water for enough time. Nonetheless, SAXS was used to characterize
the morphology of each polymer and measure the d-spacing.
117
0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1 (ppm)
1
2
3
4
5
6
7
Figure 5.2: 1H NMR spectra of the seven different triblocks showing no sign of isoprene double bonds.
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SAXS
Table 5.1: Triblock copolymers with their respective q∗ and molecular architecture.
Sample q∗ Molecular Architecture
SEPD-1 0.0179 2D Hexagonal
SEPD-2 0.0270 2D Hexagonal
SEPD-3 0.0213 Lamellar
SEPD-4 0.0397 Lamellar
SEPD-5 0.0137 Lamellar
SEPD-6 0.0232 Ia3d
SEPD-7 0.0212 Lamellar
SSEPD-2 0.0448 Lamellar
SSEPD-7 0.0344 Ia3d
Small angle x-ray scattering was conducted to characterize the average morphology and associated d-spacing
of all polymers. Measurements were done before, see Figure 5.3 and after sulfonation, see Figure 5.4, for
comparison purposes. Almost all specimens yielded Bragg diffraction with at least one experimentally observable
primary Bragg peak. Unfortunately to the problems faced while drying the samples, most of the sulfonated
triblocks did not show Bragg diffraction due to crosslinking. Table 5.1 lists the samples with their respective q∗
and structure. Triblock’s structure was obtained by studying the ratio between primary and secondary peaks.
Future experiments will be performed to cover a larger area of the phase diagram and with this, locate the
different molecular architectures within the map. Our interest is to located regions within the phase space were
the Ia3d (gyroid) structure can be located. The Ia3d structure will be crucial when trying to synthesize the CCL
membrane to be used in hydrogen fuel cells.
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Figure 5.3: SAXS spectra of the hydrogenated triblock copolymers showing primary and secondary
order picks.
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Figure 5.4: SAXS spectra of two sulfonated triblock copolymers showing primary and secondary order
picks.
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CHAPTER 6 THERMOPLASTIC ELASTOMERIC BLOCK COPOLYMERS VIA
CONTROLLED RADICAL POLYMERIZATION OF SOYBEAN OIL
Abstract
This chapter presents for the first time the controlled radical polymerization of a vegetable oil. To date, mod-
erate success has been achieved through the application of traditional cationic and free radical polymerization
routes to vegetable oils to yield thermoset plastics. The success of the technology on vegetable oils such as soy-
bean oil is surprising, as conventional radical polymerization typically brings the polymerization of triglycerides
into thermoset materials, whereas our present research successfully controls the polymerization of triglyceride
so that it terminates at a desired molecular weight and block composition and produces thermoplastic polysoy-
bean oil. Different methods of synthesizing elastomeric block copolymers using acrylated epoxidized soybean oil
(AESO) and styrene are discussed: i.e., Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-
Fragmentation chain Transfer (RAFT) polymerization. Each technique was able to individually create diblock
and triblock copolymers, resulting in polymers that are predominantly non-crosslinked linear or with lightly
branched chains. These materials behave as elastomers/rubbers at room temperature but are susceptible to com-
mon processing techniques at elevated temperatures, making them suitable for a wide range of applications.
Elastic properties of the final polymers outperformed the petroleum based Kraton R©.
Introduction
Vegetable oils have been considered as monomeric feedstocks for the plastics industry for over 20 years.
Polymers from vegetable oils have obtained increasing attention as public policy makers and corporations alike
have been interested in replacing traditional petrochemical feedstocks due to their environmental and economic
impact. In recent years, the cost of the bio-monomer has become highly competitive (in many cases more eco-
nomical than petrochemical feedstocks). Soybean Oil (SBO) the most abundant vegetable oil,180 posses carbon-
carbon double bonds that with appropriate modification (such as conjugation of triglycerides) makes them partic-
ularly suitable for polymerization. Chemical properties, thermal properties, microstructure and morphology, and
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mechanical/rheological behaviors of the soybean oil-based polymers can be improved and fine-tuned to make
biopolymers highly useful in the plastics industry. To date, moderate success has been achieved through the
application of traditional cationic and free radical polymerization routes to vegetable oils to yield thermoset plas-
tics. Iowa State Prof. Richard C. Larock and his research group has pioneered research in a variety of polymers,
ranging from soft rubbers to hard, though plastics181 using cationic copolymerization of vegetable oils, mainly
SBO, using boron triflouride diethyletherate (BFE) as initiator.180 Lu et al synthesize soybean-oil-based water-
borne polyurethane films with different properties ranging elastomeric polymers to rigid plastics by changing the
polyol functionality and hard segment content of the polymers.182,183 The Affordable Composites from Renew-
able Resources Group at the University of Delaware (ACRES) lead by Richard P. Wool, have reported the use of
soybean oil to synthesize different bio-based products such as sheet molding composites, elastomers, coatings,
foams, etc. Bunker et al184,185 were able to synthesize pressure sensitive adhesives using miniemulsion poly-
merization of acrylatedmethyl oleate, a monoglyceride derived from soy bean oil. The polymers produced were
comparable to their petroleum counterparts. Zhu et al186 were able to generate an elastic network based on acry-
lated oleic methyl ester through bulk polymerization using ethylene glycol as the crosslinker. Obtaining a high
molecular weight linear polymer using miniemulsion polymerization. Lu et al182 were able to create thermoset-
ting resins synthesized from soybean oil that can be used in sheet molding compound applications. This resins
were synthesized by introducing acid functionality and onto the soybean. The acid groups reacted with divalent
metallic oxides or hydroxides forming the sheet, while the C=C groups are subject to free radical polymerization.
Bonnaillie et al187 were able to create a thermosetting foam system using a pressurized carbon dioxide foaming
process of acrylated epoxidized soybean oil (AESO). Wool et al188 were able to synthesize liquid molding resins
that are able to cure into high modulus thermosetting polymers and composites using triglycerides derived from
plant oils.
Uncontrolled chain branching and crosslinking is inevitable using these conventional polymerization routes
due to the multifunctional nature of triglycerides, multiple initiation sites along the chain backbone, and chain
transfer/termination reactions. Thus each polytriglyceride repeat unit has the potential to crosslink with at least
one other polytriglyceride; when approximately a fraction of 1/N of such units have crosslinked (N denotes the
number of repeat units in a polymer chain), the polymers are said to be at their “gel point” at which an infinite
polymer network has formed and the material is a thermoset. Controlled radical polymerization such as ATRP
or RAFT, limits the number of initiation sites and drastically reduce the rate of chain transfer and termination
reactions, and also introduce the capability to produce custom chain architectures such as block copolymers
(BCPs). Applied to the polymerization of triglycerides, an immediate advantage is that initiation of new chain
branches from other growing chains is eliminated. However, chain branching ultimately leading to gellation is
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still possible, and will proceed quickly if the polymerization rate or polymer concentration becomes too large.
When the reactivity of a propagating chain towards all functional sites on both free monomers and repeat units
that are already incorporated into a chain are identical, the expectation is that the gel point will be reached at
an extremely low conversion, such that, prior to gelation, the polytriglyceride has not yet achieved a degree of
polymerization sufficient for useful mechanical properties to develop. This expectation is supported by the past
two decades of reports of thermosets from vegetable oils produced by conventional cationic and free radical
polymerization.
However in this chapter we present, for the first time, the application of a controlled radical polymeriza-
tion techniques to synthesize elastomeric diblock and triblock copolymers comprised of polystyrene (PS) and
poly(AESO) (PAESO). Both ATRP and RAFT are known for their facile procedure and their moderate tolerance
to oxygen and water molecules. Surprisingly, both techniques proved to successfully control the polymerization
of AESO so that it terminates at a desired molecular weight and block composition. As a homopolymer ther-
moplastic PAESO ranges from a tacky rubber a low molecular weight to a highly elastic viscoelastic material
at large molecular weight. Diblock (PS-PAESO, PAESO-PS) and triblock copolymers (PS-PAESO-PS) were
created over a range of block compositions and molecular weights. Even though the expectation of early gelation
would also extend to these polymerization techniques if the reactivity ratios between propagating radicals and
all unreacted functional sites on the triglycerides were rigorously identical. We have found that the preference of
a propagating radical for free monomers can be exacerbated through the appropriate selection of temperatures,
solvent/solvent concentration, and selection of the catalyst/counter-catalyst system (in the case of ATRP); and
selection of temperatures, solvent/solvent concentration, and concentration of the chain transfer agent (in the
case of RAFT). Under such conditions, it is possible to produce polymerized triglycerides to targeted molecular
weights of up to 500 kDa prior to the gel point.
We make use of vegetable oils, such as AESO, with an average of 3.4 acrylates182, and styrene to produce
elastomeric block copolymers analogous to, e.g. the PS-polybutadiene-PS (SBS) polymers of the Kraton R©
family. The addition of styrene helps improve the processability and aids in the control of the polymers’ melt
state properties (glass transition temperature (Tg), elastic moduli, etc.)189, serves as physical crosslinking sites
below the PS Tg = 100 ◦C. In a typical SBS elastomer, the styrene composition is about 10-30 wt% such that
spherical or cylindrical styrene domains form in a matrix of butadiene. When the temperature is below the glass
transition temperature of polystyrene (Tg = 100 ◦C), the polybutadiene matrix is liquid (Tg <−90 ◦C) but is bound
between the vitreous polystyrene spheres, which serve as physical crosslinks. When the temperature is above the
glass transition temperature of polystyrene, the entire elastomer system is molten and may be processed easily.
Crosslinked poly(soybean oil) has been reported to have Tg values as low as −56 ◦C190. Thus, the poly(soybean
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oil) is an excellent candidate to serve as the liquid component in thermoplastic elastomers based on styrenic
block copolymers.
Moreover block copolymers (BCPs) containing styrene and butadiene, particularly the Kraton R© (SBS)
family of polymers have been used worldwide in different range of applications: ranging from pressure sensitive
adhesives, to tires, packaging materials, footwear, and as a modifier of bitumen/asphalt, which is one of its
largest markets. With the forecast of increasing demand of liquid asphalt for the next decade, there remains a
strong need for a new type of cost effective, environment-friendly, viable polymers that can be used as an asphalt
modifier in lieu of standard styrene-butadiene type modifiers. This scenario creates the opportunity for using
these biopolymers as bitumen modifiers in a market very forgiving in terms of material properties.
Experimental
Material synthesis
Materials Acrylated epoxidized soybean oil (AESO)(Sigma Aldrich) was dissolved in THF and purified by
passage through basic alumina, however when used for RAFT polymerization, was used without further purifica-
tion. Styrene (Fisher Scientific) was was dried/ purified by passage through basic alumina and degassed prior to
use. Benzyl chloride, copper(II) chloride (CuIICl2), N,N,N′,N′,′,N′,′-pentamethyldiethylenetriamine (PMDETA).
Copper(I) chloride (98%) (Sigma Aldrich) was purified by stirring 10g of the catalyst for 24 hours with 50mL
of sulfuric acid (95-98%) then rinsed with copious amounts of ethanol and ethyl ether on a filter frit. It was
then transferred to a preheated vacuum oven (80◦C), dried for 20-25 minutes and moved into the glovebox for
storage. Azobisisobutyronitrile (AIBN)(Sigma Aldrich) was recrystallized by stirring in warm ethanol (40 ◦C)
for 1 hour the solution was then cooled down (0◦C) and collected using a filter frit. The product was then dried
in the vacuum oven at room temperature for 3h. 1-phenylethyl benzodithioate (Sigma Aldrich) was used without
further purification but was kept at -10◦C refrigerator prior to use. Dioxane (Fisher Scientific) was used without
further purification.
ATRP synthesis of AESO AESO synthesis was done analogously to the procedure developed and derived
from numerous articles written by Matyjaszewski et al.191–193. In a 100 mL round bottom flask (equipped with a
rubber septum and stir-bar) benzyl chloride, CuICl, PMDETA, and toluene were added. Benzyl chloride, CuICl,
PMDETA, and THF were added to a separate vessel and stirred until a homogeneous solution could be seen prior
to its addition to the reaction flask. Chemicals were added in molar ratios relative to the amount of initiator used;
1 : 10 : 1.1 : 100 respectively. All samples were prepared inside an argon glove box then taken outside and
placed in an oil bath at constant temperature with continuous stirring. The reactions were allowed to proceed for
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a minimum of 12 h at 100 ◦C. The product was precipitated in a 10:1 methanol to water volume ratio, ethanol
was added to the solution and stirred for 3-4 h to dissolve all unreacted monomer. The product was decanted,
and redissolved in THF and purified by passing it through alumina. The precipitate was dried in a vacuum oven
at room temperature overnight. Reactions that did not reach the gel point were terminated by quenching to room
temperature after 72 hours.
ATRP synthesis of P(AESO-b-Styrene) In a 100 mL round-bottom flask, equipped with a rubber septum
and a stir bar, 10 g of styrene were mixed with 20 g of PAESO previously dissolved in 20 g of THF and 2.5 g
of toluene. THF was removed via evaporation at the beginning of the polymerization reaction. CuICl, PMDETA
and Benzyl Cl were all added with the same reactant-monomer ratio and as for the polymerization of AESO
(explained above). The reaction proceeded for 72 h at 100 ◦C, with moderate stirring. The reaction was ended
and the product was filtered through an alumina column to remove the catalyst. The solution was then precipi-
tated several times in a 10:1 ratio of methanol to water. The polymer was collected and vacuum dried at room
temperature.
ATRP synthesis of P(Styrene-b-AESO) and P(Styrene-b-AESO-b-Styrene) Synthesis of diblocks and
triblocks having styrene as the first block was carried using the same procedure as the one described above.
RAFT synthesis of AESO RAFT synthesis was performed analogously to the procedure described by Moad
et al194,195 using azobisisobutyronitrile (AIBN) as the initiator. 1-phenylethyl benzodithioate was used as the
chain transfer agent (CTA), and was synthesized according to established procedures. Monomer (AESO), ini-
tiator, CTA, and solvent (1,2-dioxane) were mixed under argon in a 100 mL round-bottomed flask with various
mass ratios of monomer:solvent, 1:5 molar ratio of initiator to CTA, and 10:1 molar ratio of monomer to CTA
(This monomer to CTA ratio represents an excess of CTA compared to a typical RAFT synthesis; in a typical
RAFT a N:1 ratio would yield polymers with an average of N repeat units. In AESO polymerization however,
the multifunctional character of the monomer tends towards crosslinking, which is mitigated by our use of ex-
cess CTA). The reaction flask was bubbled with Argon for 30 min to remove oxygen from the system before the
temperature was increased. The reaction was run at 70◦C and the time varied according the desired molecular
weight (Mn).
RAFT synthesis of P(Styrene-b-AESO) and P(Styrene-b-AESO-b-Styrene) For P(styrene-b-AESO), AESO
was dissolved in dioxane was transferred to the reaction vessel containing the styrene homopolymer and was al-
lowed to react for 6 h before the reaction was cooled down and precipitated three times in excess methanol and
water. The product was stirred in a 2:1 ratio by volume of methanol to ethanol solution to remove unreacted
AESO monomer. The final product was vacuum dried for 24 h, at room temperature. For P(styrene-b-AESO-b-
styrene), the diblock was redissolved in dioxane, styrene and AIBN was added. The reaction vessel was bubbled
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with Argon for 1 hour and the reaction proceeded for 2 hours at 70 ◦C. The final product was precipitated two
times in excess methanol and water. The product was stirred in a 2:1 ratio by volume of methanol to ethanol
solution to remove unreacted AESO monomer. The product was filtered and vacuum dried at room temperature
for 24 h.
Equipment
Molecular Characterization Molecular weights and molecular weight distributions were determined via gel
permeation chromatography (GPC) with respect to polystyrene standards, using HPLC chloroform as the solvent,
in a Waters 717 autosampler and a Waters 515 HPLC system using a Waters 2414 refractive index detector.
A HPLC tetrahydrofuran GPC was used for samples that were not soluble in chloroform. 1H NMR spectra
were determined on a Varian VXR-300 spectrometer in deuterated chloroform (CDCL3) or a 50/50 deuterated
tetrahydrofuran / D2O solution at room temperature.
Transmission Electron Microscopy (TEM) Real-space images of BCPs were collected with a Tecnai G2
F20 scanning/transmission electron microscope at a high tension voltage of 200 kV by ultrathin (≈ 80 nm)
sectioning of the BCPs at cryogenic temperature using a Leica Ultramicrotome Ultracut 125UCT, with a Leica
EM FCS cryo-stage. Section where stained with Osmium tetraoxide (OsO4)before imaging.
Viscoelastic/Thermal Characterization TA Instruments AR2000ex, stress controlled rheometer with a con-
vection oven was used to test the diblocks rheology under nitrogen gas flow to prevent polymer degradation.
Samples were tested in a parallel plate geometry using a temperature ramp test at heating rate of 5◦C and a strain
of 2%.
DSC experiments were conducted on a TA-Instruments Q2000 Differential Scanning Calorimeter equipped
with liquid nitrogen cooling system (LNCS). Three consecutive heating and cooling runs where done for each
sample (-100 ◦C to 150 ◦C) using standard aluminum pans and a heating/cooling rate of 10 ◦C/min.
Tensile Testing Tensile testing experiments were conducted on a Instron 4204 Tension Test Frame and
Controller, using an average speed of speed of 50 mm/min. Dog bones were prepared by first melt pressing a
1.25in×0.63in rectangle in the Carver press at 130 ◦C for 8h. Specimens were subject to 10 consecutive load and
unload cycles using an average speed of 50 mm/min, going from 0 to 55% strain.
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Figure 6.1: Graph shows the PAESO, PAESO-PS, and PS-PAESO elution time determined using size
exclusion chromatography.
Results
ATRP of AESO
A first set of experiments was conducted to find the best solvent system for the polymerization, as judged
by ease of purification, ease of removal from the final polymer, solubility, and influence on reaction kinetics.
Chloroform, THF, and toluene were studied; toluene was chosen as the best candidate for its higher evapora-
tion temperature and better solubility with the product. The second set of experiments investigated reaction
kinetics (conversion vs. time) holding all conditions fixed except for temperature, the presence of CuIICl2, and
monomer:solvent ratio. Kinetic studies examined all combinations of the three temperatures (65 ◦C, 85◦C, and
100 ◦C, the addition of the counter catalyst, and six monomer concentrations ranging from 0.5 to 1.0 weight
percent monomer. The reactions were allowed to proceed until they reach the gel point. Reactions that did not
reach the gel point were terminated by quenching to room temperature after 72 h. The molecular weight dis-
tribution of each product, poly(acrylated epoxidized soybean oil) (PAESO), was determined by size exclusion
chromatography, see Figure 6.1.
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This set of experiments gave us an insight on the effect of solvent, counter catalyst, and temperature on
gelation of PAESO. It was seen that addition of solvent (20% by mass solvent/monomer) and CuIICl2ran at 65 ◦C
slowed the polymerization the most and no gelation occurred in 72 h. Reactions with the higher percent of
monomer, without CuIICl2, and ran at 100 ◦C reached gelation within 10 h of reaction time. Polymerization of
styrene containing diblocks and triblocks, were ran at 100 ◦C. No solvent was used for the polymerization of the
styrene homopolymer, but it was present to solvate polymers in the polymerization of the diblocks and triblocks.
Table 6.1 lists some of the polymers utilized for characterization.
Table 6.1: List of ATRP biopolymers used for characterization.
Sample Name M.W.a PDIb % Sty c 1st d 2nde
PAESO 29,500 1.39 0 – –
PAESO-PS 48,150 1.59 0.39 18,650 –
PS-PAESO 40,980 1.34 0.33 13,900 –
PS-PAESO-PS #1 53,300 1.84 0.49 13,900 12,200
aTotal molecular weight of BCP
bPolydispersity
cPercent styrene in BCP
dMolecular weight of styrene in first block
eMolecular weight of styrene in second block
Nuclear magnetic resonance (1H-NMR) was done on the dried sample to prove the presence of polystyrene
in the product, see Figure 2.20. To characterize viscoelastic properties of the biopolymers, DSC experiments
showed a glass transition temperature (Tg) of −48 ◦C for PAESO, see Figure 6.2. Rheology samples were mixed
with butylated hydroxytoluene (BHT) to prevent crosslinking of the polymer. Figure 6.3 a, shows the rheology
curve of the PAESO homopolymer showing a low modulus and liquid like behavior at high temperatures.
Strain vs strain curves for PS-PAESO-PS #1 were compared to commercially available petroleum based
triblock copolymers: SBR and Kraton D1118, see Figure 6.4. Graph shows the elastic characteristics of the
biopolymer showing an almost linear increase in strain with respect with stress. Elongation-to-break of the
PS-PAESO-PS #1 is six times higher when compared to the SBR and twice as the Kraton D1118.
To continue to study the deformation of the polymer under loading and unloading, the specimens were
subject to 10 consecutive load and unload cycles. Test were done using an average speed of 50 mm/min and
going from 0 to 55% strain. Figure 6.5 shows the graph for the PS-PAESO-PS #1 in its first load, followed by
the first hysteresis cycle, then by the tenth cycle, and allowed to continue to find the maximum stress. The graph
shows that there is softening of the biopolymer with each consecutive load/unload cycle, nonetheless there is no
deformation seen. Young’s Modulus was plotted with respect with the number cycles, see Figure 6.6, were it can
be seen an increase in the modulus as the cycles increase.
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Figure 6.2: DSC plot of the PAESO sample after 240 min of reaction time, the graph shows two main
glass transitions one at −48 ◦C and the second one at −29 ◦C.
Real-space images of BCPs reveal a semi-periodic microstructure having black colored styrene islands sur-
rounded by the lighter AESO regions. The ability of these polymers to microphase separate demonstrates that
there is a strong incompatibility between the two blocks, hence the formation of a rich AESO and styrene mi-
crodomains.
Initial research was conducted on asphalt modified with different bio-based triblock copolymers and com-
pared to asphalt modified with two commercially available SBS polymers. Rheological laboratory testing results
of the asphalt-polymer blends1 show the biopolymers improves the complex shear modulus of the asphalt to a
similar and even greater extent as the commercially available SBS polymers, see Figure 6.8.
1A more in depth study of asphalt modification using biopolymers can be found in Appendix B.
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Figure 6.3: TTS of PAESO using 25 ◦C as the reference temperature.
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Figure 6.4: Graph shows the stress vs. strain curves for two petroleum based triblock copolymers (SBR
and Kraton D1118) compared to the PS-PAESO-PS#1. Tests were done using an average speed of 50
mm/min.
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Figure 6.5: Graph shows the stress vs % strain curves for PS-PAESO-PS#1 in its first load depicted
by the blue line, followed by the first hysteresis cycle (black), then by the tenth cycle (red), and the
continued loading (gray) to find the maximum stress. Black dots shows the decrease in the maximum
stress required to obtain 55 % strain as load/unload cycles progress.
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Figure 6.6: Graph shows the Young’s Modulus of the PS-PAESO-PS#1 load and unload cycles.
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Figure 6.7: TEM image of the PS-PAESO-PS#1 sample, image shows a semi-ordered structure where
the black islands are styrene and the lighter regions are the AESO.
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Figure 6.8: Graph showing storage and loss modulus G′ and G′′ as a function of temperature of bitumen
with 1% mass poly(styrene-b-AESO-styrene) triblock and of bitumen with 1% Kraton R©.
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Figure 3: Graph showing the molecular weight (number aver-
age) increase of the styrene homopolymer as a function of time.
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Figure 4: Graph showing the molecular weight increase of the
diblock as a function of time.
For P(styrene-b-AESO), AESO was dissolved in toluene was transferred to the reaction vessel
containing the styrene homopolymer and was allowed to react for 5 hours before the reaction was
cooled down and precipitated three times in excess methanol and water. Mn was monitored as a
function of time, see Figure 4. The final product, see Figure 5, was vacuum dried for 24 hours,
at room temperature. Figure 6 shows the increase in molecular weight from the monomer to
homopolymer to the diblock.
For P(styrene-b-AESO-b-styrene), the diblock was redissolved in toluene, styrene and AIBN
was added. The reaction vessel was bubbled with Argon for 1 hour and the reaction proceeded
for 1 hour at 70◦C. The final product was precipitated two times in excess methanol and water,
in the last precipitation it was stirred in methanol and ethanol for 15 min. to remove unreacted
monomer. the product was filtered and vacuum dried for 24 hours, see Figure 7.
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Figure 6.10: Image showing a
poly(styrene-b-AESO-styrene) triblock
after 24 h in the vacuum oven.
RAFT reaction times were varied according the desired
molecular weight (Mn), see Figure 6.9 (A). Most reactions
were stopped after 24 hours of reacting. Mn of p(styrene-b-
AESO) was also monitor d as a function of time, see Fig-
ure 6.9 (B). Figur 6.11 shows the GPC curve where a de-
crease in elution time (increase in molecular weight) from
the monomer, to homopolymer, to the diblock can be seen.
After the addition of the final styrene block, the final prod-
uct p(styrene-b-AESO-b-styrene) (Figure 6.10) was subject
to different characterization techniques. 1H-NMR was per-
formed to prove the presence and percentage of polystyrene in the product, see Figure 6.12, indicating
a 22.4% styrene content. Differential scanning calorimetry (DSC), see Figure 6.13, showed the glass
transition for the PAESO at −10 ◦C is visible but no definite one can be seen for the styrene.
Isothermal frequency scans with a frequency range 0.1-100 rads were conducted within the linear
viscoelastic regime using a strain of 2.5%. The initial temperature was to 120 ◦C, with a final temper-
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Figure 6.11: Graph showing an increase in molecular weight from the monomer, to homopolymer, to
the diblock.
ature of 220 ◦C. Temperature was changed in 20 ◦C decrements allowing 3 min as equilibration time.
The elastic modulus, G′′, shows no apparent change with change in frequency or temperatures below
≈ 200 ◦C, see Figure 6.14. Tensile testing shows the maximum stress that can be applied to the RAFT
triblocks to be ≈ 1.3MPa, see Figure 6.15.
1362.1 Characterization
2.1.1 Nuclear Magnetic Resonance (NMR)
NMR was performed to prove the presence of polystyrene in the product, see Figure 8, indicating
a 22.4% styrene content.
Figure 8: Graph showing the NMR spectra of the poly(styrene-b-AESO-styrene) triblock.
2.1.2 Differential scanning calorimetry (DSC) of the PS-PAESO-PS triblock
Differential scanning calorimetry (DSC) was used to find the glass transition temperatures (Tg) of
the polymers. Figure 9 shows the plot for the triblock, the glass transition for the PAESO is visible
but no definite one can be seen for the styrene.
7
Figure 6.12: Graph showing the NMR spectra of the poly(styrene-b-AESO-styrene) triblock.
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Figure 6.13: DSC plot of the PS-PAESO-PS sample, the graph shows a glass transition −10 ◦C, no
glass transition for PS was detected.
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Figure 6.14: Rheology curve for the PS-PAESO-PS sample.
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Figure 6.15: Graph shows the stress vs. % strain curves for RAFT’s PS-PAESO-PS continued loading
(gray) to find the maximum stress.
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Results and Discussion
Polymers synthesized using ATRP and RAFT techniques proved to produce polymers with elastic
properties. Rheology of ATRP PAESO’s, figure 6.3, shows a liquid like behavior and decreasing low
modulus with increase in temperatures typical of a thermoplastic elastomer. The linear increase in
strain with respect with stress, Figure 6.4, seen in the triblock was expected, since materials with high
elasticity show this property. Similar properties can be seen in SBR type polymers, polymers known
for their high rubber content. Another characteristic of the elasticity of the biopolymer is the absence
of yielding in the elongation-to-break test and the non-linear behavior seen in Figure 6.6. Rheology
of RAFT’s triblock, 6.14, shows an increase in the G′ with increase in temperature, indicating the
possibility of cross-linking. Nonetheless the elastic modulus, G′′, is nearly invariant to frequency and
temperature below ≈ 200 ◦C, a characteristic of elastic solids. Once again RAFT’s triblock show no
presence of yielding when subject to the elongation-to-break test.
ATRP polymerization of vegetable oils produce thermoplastic elastomers in comparison with free-
radical polymerization which produce thermoset polymers. In ATRP polymerization begins when soy-
bean oil molecules become halogenated and start forming low molecular weight linear chains. These
processes continues until they reach a certain number of repeat units, at which point they either attach
to another chain or attack another monomer to increase the chain length by one. The former path has
a low probability as monomer concentration is high and the rate of propagation is much higher than
the rate of intermolecular chain transfer; the latter path, the most probable one, polymers will begin to
grow in a hyper branched fashion where most of the active sites available for crosslinking are contained
in the core of a “donut” like shaped region. When an active chain encounters this molecule it will have
a facile access to the shell of finite thickness but significantly reduced access to the core where the
majority of the functional sites reside. This qualitative rational manifest in the rate of chain transfer
to polymer, expressed by EQN. (6.1), which is derived by making scaling arguments for number of
active sites in the shell. The rate of transfer is going to be the same as for free radical modified by a
percentage of active sites, which can be estimated by the ratio of the of the volume of the shell to the
volume of the sphere.
Rtr,P ∝ 2.4kpNn
Vshell
Vsphere
(6.1)
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kp is the propagation constant, Nn is the average degree of polymerization, Vsphere ∝ pi6 R
3
g, and Vshell =
Vsphere−Vcore. Where Vcore ∝ pi6 (Rg− t)3, furthermore VshellVsphere ∝ 1Rg ∝ 1√Nn . Substitution of the volume
fraction into EQN. (6.1) gives the ATRP rate of transfer, described in EQN. (6.2), which is inversely
proportional to the square root of the degree of polymerization. We suggest that for ATRP the rate of
transfer is suppressed compared to that of free radical polymerization due to mass transfer limitations.
Rtr,P ∝ 2.4kapp
√
Nn (6.2)
Where kapp is the apparent propagation constant.
Conclusions
Recent advances in polymerization technology have led to the development of elastomeric block
copolymers produced with polystyrene and polymerized soy-derived triglycerides, contrasting the past
two decades of research that yielded highly crosslinked materials. Using the polymerized triglycerides,
SBS-like triblock copolymers were produced where the “B” block was replaced with polymerized
soybean oil. ATRP polymerization technique was used to synthesize the biopolymers as it allows for
the construction of macromolecules with precisely defined degrees of polymerization and the ability to
form complex molecular architectures such as block copolymers.
New applications for the biopolymers and new techniques of polymerization are now being inves-
tigated and will be reported in future communications.
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CHAPTER 7 RAFT SYNTHESIS OF GLYCEROL BASED THERMOPLASTIC
ELASTOMERS
Introduction
Biodegradable polymers have gain increased interest for their potential to be used in a broad spectrum of
applications, mainly in the biomedical field.196 These polymers can be divided into two types: thermoplastic
elastomers and thermoset elastomers. Glycerol (1,2,3-propanetriol) a monomer derived from both natural and
petrochemical feedstocks is considered one of the most versatile chemicals for it wide range of applications. It is
the backbone of all animal and vegetable triglycerides, constitutes an average 10% by weight of the fatty matter.
With the recent explosion in production of biofuels glycerol has rapidly become a surplus in the market, as it is
created as a byproduct in the manufacturing of biodiesel by transesterification of vegetable oils with methanol
using NaOH as a catalyst.197 Thus our interest in finding new applications where the properties of glycerol can
be used. Polymers based on glycerol have been used in the past decade in the fabrication of matrices for drug
delivery, scaffolds in tissue engineering, plus many other applications.196,198 Liu et al196 synthesized a thermo-
plastic elastomer prepared using poly(glycerol-sebacate) and sebacic acid in a two-step method. Cai et al198 were
able to synthesize a poly(glycerol-sebacate) elastomer with excellent shape-memory capabilities. Nonetheless
no research, to our knowledge, has been done with the controlled radical polymerization of glycerol or any of its
close monomers. This chapter gives an overview of the initial progress in the synthesis and characterization of
thermoplastic elastomers based on acrylated glycerol (AG) and styrene using a controlled radical polymerization
technique.
Experimental
Materials Glycerol, dimethyl sulfoxide (DMSO), dioxane, acrylic acid, hydroquinone, triphenylphosphine
(TPP), and cyclohexane (Fisher Scientific) were used without further purification.
Acrylation Of Glycerol Glycerol was mixed with 0.5% by weight hydroquinone (inhibitor), a 0.06:1 ratio
by mass of TPP (catalyst) to glycerol, a 1.5:1 ratio by mass of acrylic acid to glycerol, and a 1:1 ratio of DMSO
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to glycerol. The reaction was stirred and bubbled for 20 minutes and then heated to 90 ◦C. The reaction was
allowed to proceed for a minimum of 12h. The reaction was ended by cooling it down to room temperature.
The final acrylated glycerol was mixed with cyclohexane to remove DMSO and then dried overnight on vacuum
ovens at room temperature.
RAFT Synthesis Of Acrylated Glycerol RAFT synthesis was performed analogously to the procedure
described by Moad et al,199,200 using azobisisobutyronitrile (AIBN) as the initiator, 1-phenylethyl benzodithioate
(PBT) as the chain transfer agent (CTA), and was synthesized according to established procedures. Monomer
(glycerol), initiator, CTA, and solvent (DMSO) were mixed under argon in a 100 mL round-bottomed flask with
various mass ratios of monomer:solvent, 1:5 molar ratio of initiator to CTA, and 10:1 molar ratio of monomer
to CTA. The reaction flask was bubbled with argon for 30 min to remove oxygen from the system before the
temperature was increased. The reaction was run at 95◦C and the time varied according the desired molecular
weight (Mn). The polymer was then precipitated by adding isopropanol dropwise and vacuum oven dried at room
temperature for 24 h.
RAFT Synthesis Of P(styrene-b-AG) For P(styrene-b-AG), styrene was reacted for 24 h using dioxane as
the solvent, AIBN, and PBT as the CTA. Acrylated glycerol and DMSO were transferred to the reaction vessel
containing the styrene homopolymer and was allowed to react for 48 h before the reaction was cooled down
and precipitated using the procedure described above. The final product was vacuum dried for 24 h at room
temperature.
Equipment
Molecular Characterization Molecular weights and molecular weight distributions were determined via
gel permeation chromatography (GPC) with respect to polystyrene standards, using HPLC chloroform as the
solvent, in a Waters 717 autosampler and a Waters 515 HPLC system using a Waters 2414 refractive index
detector. 1H-NMR spectra were determined on a Varian VXR-300 spectrometer in deuterated DMSO (C2D6OS)
at room temperature.
Viscoelastic/Thermal Characterization TA Instruments AR2000ex, stress controlled rheometer with a con-
vection oven was used to test the diblocks rheology under nitrogen gas flow to prevent polymer degradation.
Samples were tested in a parallel plate geometry using a temperature ramp test at heating rate of 5◦C and a strain
of 2%. Rheology data were not obtainable from sulfonated BCPs due to their highly brittle nature and absence
of a glass transition below 200 ◦C.
DSC experiments were conducted on a TA-Instruments Q2000 Differential Scanning Calorimeter equipped
with liquid nitrogen cooling system (LNCS). Three consecutive heating and cooling runs where done for each
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sample (-100 ◦C to 60 ◦C) using standard aluminum pans.
Results
Figure 7.1: Image shows the glycerol molecule and its three possible acrylation products with their
hydrogens and their expected location in an 1H-NMR spectra. a) Monoacrilated, b) diacrilated, and c)
triacrylated glycerol.
Degree of acrylation in glycerol Degree of acrylation was calculated with the use of 1H-NMR spectra, see
Figure 7.2. Glycerol’s acrylic acid hydrogens (IGAA), see Figure 7.1, are located between 5.6-6.5 ppm and by
integrating the area under the peaks a ratio of intensity to number of hydrogens in the acrylic acid can be calcu-
lated. Glycerol’s alcohols (IGOH ) are located between 3.5 and 3.7 ppm (primary alcohols are located between 3.7
and 3.54 ppm, while the secondary alcohol is located between 3.54 and 3.5 ppm). Degree of acrylation can be
calculated using equation 7.1, were 3 (numerator) is the number of hydrogens next to the acrylic acid terminal
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C =C and the 3 (denominator) is the number of hydrogens next to the oxygens.
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Figure 7.2: 1H-NMR spectra utilized to calculate degree of acrylation of glycerol.
Degreeo f acrylation =
IGAA
3
IGOH
3
(7.1)
Substituting actual integration values, equation EQN. (7.2), gives the degree of acrylation to be 100%.
Degreeo f acrylation =
0.42
3
0.07
3
= 100% (7.2)
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Material Synthesis The initial set of reactions were performed to identify reaction kinetics. Acrylated
glycerol (AG) was reacted between 12 h to 48 h at 100 ◦C. Unfortunately no GPC data was able to be collected
due to insolubility of the product to most organic solvents. Nonetheless nuclear magnetic resonance (1H-NMR)
was done on the dried sample to prove polymerization, see Figure 7.3.
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Figure 7.3: 1H-NMR spectra of P(AG) (colored in blue), showing a reduction in the acrylic acid hydro-
gen’s signal (located between 5.6-6.5 ppm). Red spectra shows the 1H-NMR spectra of the monomer.
To characterize viscoelastic properties of the biopolymers, DSC experiments showed a glass transition
temperature (Tg) of 14◦C for the P(AG), see Figure 7.4. Rheology samples were mixed with butylated hy-
droxytoluene (BHT) to prevent crosslinking of the polymer. Figure 7.5, shows the rheology curves of two
distinct P(AG) homopolymers synthesized using two different CTA: 2-(Ethylsulfanylthiocarbonylsulfanyl)-2-
methylpropionic acid (EMP) and ethyl 2-((ethoxycarbonothioyl)thio)-2-methylpropanoate (EMPT) respectively.
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Figure 7.4: DSC graph of P(AG) reacted for 12 h.
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Figure 7.5: Rheology curves for P(AG) syncretized using (A) EMP and (B) ETMP. Reference temper-
ature is 20 ◦C.
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For the P(Styrene-b-AG) diblock, a 10K daltons styrene block was synthesized followed by the addition of
the AG. 1H-NMR was done on the dried sample to prove the presence of polystyrene in the product, see Figure
7.6.
Figure 7.6: 1H-NMR spectra of P(Styrene-b-AG), where the blue box shows the polystyrene hydrogens.
Results and Discussion
Acrylation of Glycerol We found that all glycerol’s primary alcohols were acrylated while the not all the
secondary were acrylated. These findings agree with the reactivity of alcohols (1◦ > 2◦ > 3◦) suggesting longer
reactions time or increase temperatures are required to further acrylated secondary alcohols. It was also found
that the product’s viscosity is affected by the degree of acrylation, it was observed that as the degree of acrylation
increased the product became more viscous. Future experiments will address this issue, were viscosity will be
plotted against degree of acrylation, to have an easier and more direct way of calculating degree of acrylation.
With respect with polymer synthesis, rheology curves of the two distinct P(AG) homopolymer show a low mod-
ulus and liquid like behavior at high temperatures characteristic of thermoplastic elastomers. The curves also
show a rubbery plateau signaling a high entangled system. These findings prove that these polymers can be used
as substitutes for petroleum based elastomers. Not enough p(Styrene-b-AG) was obtained to do further character-
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ization besides 1H-NMR, new solvents will be studied that will aid in the solubilization of both the polystyrene
(PS) homopolymer and the AG. Since the addition of the AG with DMSO partially precipitates the PS and takes
some time for it to go back into solution.
150
Bibliography
[196] Quanyong Liu, Ming Tian, Tao Ding, Rui Shi, Yuxing Feng, Liqun Zhang, Dafu Chen, and Wei Tian.
Preparation and characterization of a thermoplastic poly(glycerol sebacate) elastomer by two-step method.
Journal of Applied Polymer Science, 103(3):1412–1419, 2007.
[197] Mario Pagliaro and Michele Rossi. The Future of Glycerol: 2nd Edition. RSC Green Chemistry. The
Royal Society of Chemistry, second edition, 2010.
[198] Wei Cai and Lili Liu. Shape-memory effect of poly (glycerol-sebacate) elastomer. Materials Letters,
62(14):2171 – 2173, 2008.
[199] Graeme Moad, Ezio Rizzardo, and San H Thang. Living radical polymerization by the raft process- a first
update. Australian Journal of Chemistry, 59:669–692, 2006.
[200] Graeme Moad, Ezio Rizzardo, and San H Thang. Living radical polymerization by the raft process- a
second update. Australian Journal of Chemistry, 62(11):1402–1472, 2009.
151
CHAPTER 8 FUTURE WORK
Fuel Cells’ Cathode Membranes
Post-Synthesis Property Evaluation
The biggest challenge for this project was the characterization of the BCPs. Sulfonation of styrene showed
to have tremendous effects on the physical properties of the material, making it extremely brittle and rasing
its Tg and order-disorder transitions temperatures to extremely high temperatures (>350 ◦C). New techniques to
measure degree of sulfonation should be studied, techniques such as elemental analysis. This will aid in the calcu-
lation of more exact interaction parameters. Scattering vectors (q∗) showed to be in the ultra-small angle region
making characterization almost impossible without the use of equipment capable of measuring larger Bragg’s
D-spacing of the BCPs. Higher flux of X-ray light should be use to further understand interaction parameters
between the polymers. Further analysis of the BCPs triphasic diagram will be made to better understand net-
work morphology of the system. This will help the synthesis of materials with the precise molecular architecture
required for the preparation of the membranes.
With respect with the dispersion of SWNTs in BCPs, further quantitative analysis should be made to find
the differences in the degree of dispersion between one copolymer to another, and with this: a)discover the
roll of sulfonation level and b) discover the effect of neighboring blocks play SWNTs dispersion. This can be
accomplished by a combination of WAXS, Raman Spectroscopy and Fourier transform infrared spectroscopy
measurements. Moreover research should be done to study how these nanotubes affect the phase behavior of the
precursor BCPs, using USAXS.
Cathode Catalyst Layer (cCL)
Platinum decoration of the SWNTs
Decoration of SWNTs will be accomplished following the procedure of Xie et al201 using ethylene glycol
as the reducing agent. This research, previously performed by the group, was successful in decorating nanotubes
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Figure 8.1: TEM micrograph of Pt/SWNTs fabricated in our laboratory via electroless deposition.
with platinum (Pt), see Figure 8.1 .
Tuning of the mesoscale morphology
Once interaction parameters between blocks, SWNTs, and Pt are well understood synthesis of the catalyst
particles and formation of the block copolymeric nanocomposite precursor materials will be done. Followed
by the tuning of the mesoscale morphology (e.g., pore diameter, ionomer content) using both experimental and
theoretical tools such as self-consistent field theory (SCFT). This will aid in the synthesis and preparation of
nanocomposite materials with the desired characteristics necessary for the preparation of the membranes. It
will also help in understanding the fundamental characteristics of cathode catalyst layers that ultimately control
performance.
Membrane Preparation
BCPs nanocomposites will be prepared using catalyst decorated SWNTs and will be formed into a film 10
µm in thickness, a conceptual diagram of the CCL appears in Figure 8.2. Different ways of preparing these films
will be explored, e.g., solvent casting directly onto a support, via extrusion, or by hot-pressing. Membranes will
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Figure 8.2: A mesoscopic depiction of the I4132 “gyroid” morphology that is known to form in
three-component (e.g. ABC or ABCBA) block copolymers. The proposed nanocomposites are to be for-
mulated such that A (SS) domains are proton-conductive and preferentially associate with the SWNT/Pt
catalyst particles. C domains can be removed selectively, leaving behind a mesoporous network. B
(EP) domains serve to stabilize these phases thermodynamically while also acting as mechanical rein-
forcement, reproduced from Ref. 202.
then be subject to electrochemical testing for comparison with its market counterparts. This will help develop
models that account for the observed phenomena.
Mesopore fabrication
This step in the CCL fabrication process is straightforward. Hydrophilic pores will be produced directly
from the SSEPSSD or DSSEPSSD/SWNT-Pt nanocomposite films by exposing them to an HF etchant, which
will completely remove the D block and leave pores lined with SS domains. The size of the D block and the
concentration of D homopolymer (if present) will determine the diameter of the pore. While maintaining a
constant overall morphology, we will be able to manipulate both the pore surface chemistry and the pore diameter.
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Catalyst Layer Characterization and Testing
Electrochemically active surface area (ECSA) and the oxygen reduction reaction (ORR) activity will be
assessed using standard experimental procedures. Catalyst layers on glassy carbon rotating disk electrodes (RDE)
will be prepared by mixing the catalyzed support particles with Nafion. ECSA will be determined through
hydrogen absorption/desorption voltammetry in acidic aqueous solution. The ORR kinetics will be measured
in oxygen-saturated acid solution using the RDE. After fabrication of BCP layers with incorporated of Pt/CNT
particles, these procedures will be used to measure ECSA and ORR activity in aqueous solution. Then, 50 cm2
area membrane-electrode assemblies (MEA) will be constructed using commercially available membranes, gas-
diffusion electrodes and flow fields. The current-voltage characteristics of the MEAs will be measured using
H2-air gas feeds in a laboratory fuel cell test station (Fuel Cell Technologies) to be purchased for the project.
A mathematical model for the BCP catalyst layer will be developed to help characterize its performance and to
guide the optimization of the layer geometry.
Soybean Oil Based Thermoplastic Elastomers
Post-Synthesis Property Evaluation
Further mechanical testing will be done on the polymers to continue to understand their properties. Rheology
will be done in a variety of polymers to understand the viscoelastic properties of the materials. X-ray scattering
data of the soybean polymers and styrene diblocks and triblocks will be studied with the purpose of calculating
interaction parameters of the pair. SAXS data along with TEM imaging of the polymers will aid in the creation
of a two phase diagram for the monomer system.
Varying degree of acrylation
Different degrees of acrylation will be analyzed, this with the purpose of controlling both the chain architec-
ture and the chemistry of the biopolymers. Figure 8.3 shows an illustration of the different architectures that we
can target by varying the extent of acrylation of the AESO monomer. The AESO monomer with the maximal
functionality (3.4 acrylic double bonds per triglyceride) will produce highly branched molecules, moderate func-
tionality will have less branching, and with minimal functionality we hope to attain linear polymer chains. These
type of polymer architecture will have an impact in the rheological and mechanical properties of the materials
making them similar to the SBS polymers.
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Figure 8.3: Illustration depicting only a small subset of the possible chain architectures accessible with
the PAESO PA family of thermoplastic elastomers.
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New applications
Different applications for the biopolymers will be studied. As mentioned previously these polymers can be
used in a wide range of applications (e.g., footwear, waterproof coatings, electric wires, automobile components,
adhesives, etc.). Our main interest resides in the fabrication of a substitute for SBR polymers for use in the
tire industry. We will make use of free radical polymerization techniques to synthesize the polymers styrene-
PAESO diblocks and then mixed with rubber to form a S-AESO-R polymer. In addition research will be focus
in removing cooper complexes left behind from synthesis. This will open a completely new set of applications
that can be target (e.g., biological, personal hygiene, toys, etc.) were no heavy metals is required.
Pilot Plant
Seneca Petroleum and the Renewable Energy Group, Inc. (REG) have partnered to build a 10 ton/week pilot
plant that will produce the biopolymers. Initial plant designs are being made, see Figure 8.4, and construction is
scheduled to begin in Summer 2013 and expected to be running by Winter 2013.
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Figure 8.4: Representation of the pilot plant layout.
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APPENDIX A SUPPORTING INFORMATION FOR THERMODYNAMICS OF
SYMMETRIC DIBLOCK COPOLYMERS CONTAINING
POLY(STYRENE-ran-STYRENE SULFONIC ACID).
Self Consistent Mean-Field Theory (SCMFT)
Self consistent field theory calculations were conducted in the manner optimized for strongly segregated
systems as described by Cochran and Fredrickson203 to calculate the equilibrium domain spacing and stability
(with respect to the disordered state) of the lamellar phase in SS/D/EP diblock copolymers.
Briefly, the Helmholtz free energy (A) is calculated by the partition function (ZC):
A(n,V,T ) =−kBT lnZC(n,V,T )≈ H∗ (A.1)
where ZC is the canonical partition function, and H∗ is the effective Hamiltonian at the mean-field (saddle-point)
configuration w∗.
The effective Hamiltonian is given by:
A
nkBT
=
H∗
nkBT
=
1
V
∫
V
dr ρAρBχN
−wAρA−wBρB+ p(ρA+ρB−ρ0)
− lnQ[wA,wB]
(A.2)
where ρA/ρB are the average densities of A/B segment. The single-chain partition function (Q[wA,wB]) is evalu-
ated from
Q[wA,wB] = 1V
∫
V dr q(r,N; [wA,wB]).
By incompressibility, the density profiles of A and B segments are constrained to
ρA(r)+ρB(r) = ρ0,
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where
ρ0 ≡ nNV
is the average segment density. The segment densities are evaluated using:
ρA(r) =−δ lnQδwA =
ρ0
V Q
∫ f
0
ds q(r,s)q†(r,s) (A.3)
ρB(r) =−δ lnQδwB =
ρ0
V Q
∫ 1
f
ds q(r,s)q†(r,s) (A.4)
where s is the contour variable that describes the location of a segment along the backbone of the chain, and
q(r,s) and q†(r,s) are the chain propagator and complementary chain propagator, respectively; these satisfy the
modified diffusion equation:
∂
∂s
q(r,s; [wA,wB]) =
a(s)2
6
∇2q(r,N; [wA,wB])
−w(r,s)q(r,N; [wA,wB])
(A.5)
w(r,s)≡
 wA(r), 0≤ s≤ f NwB(r), f N ≤ s≤ N (A.6)
a(s)≡
 aA, 0≤ s≤ f NaB, f N ≤ s≤ N (A.7)
where a(s) is the statistical segment length, and w(r,s) is the auxiliary field. Experimental data for a are typically
reported as the ratio of the unperturbed mean squared end-to-end distance R20 to the molar mass,
204 R
2
0
Mn
; the
relationship between the two quantities is
a2i = ρNavVre f
(
R20
Mn
)
i
(A.8)
The use of EQN. (A.8) in conjunction with EQN. (A.1) in the article allows direct conversion of experimental
polymers into the language of SCMFT.
The MDE was solved using a fourth-order backward difference formula (BDF):203
25
12
qn+1−4qn+3qn−1− 43qn−2+
1
4
qn−3 =
∆s[∇2qn+1−w(r)(4qn−6qn−1+4qn−2−qn−3)]
(A.9)
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where ∆s is the step size along the chain contour. The Laplacian operator is treated implicitly in k-space through
discrete Fourier transforms. Saddle-point configurations of the pressure field were calculated using a semi-
implicit relaxation scheme devised by Cenicernos and Fredrickson,205 while explicit Euler relaxation was used
to calculate the mean-field chemical potential fields. The lamellar domain spacing d was optimized using explicit
Euler relaxation of the internal stress operator206
σintxx
n
V kBT
=
2R2g
Q
∫ 1
0
∂q(s)
dx
∂q(1− s)
dx
ds (A.10)
All calculations used 512 collocation points and the number of points along the chain contour was 2048. Calcu-
lations were concluded when the relative approximate error in FnkBT was < 10
−6.
Molecular Characterization
NMR
1 HNMR was used in this work to confirm > 99% H2 saturation in the PI ⇒ EP conversion, and also to
assess the extent of sulfonation in the PS ⇒ SS reaction. Here we include raw representative data, using SSEP
3KC (Figure A.1) and SSEP 12KC (Figure A.3) along with their precursors as representative examples.
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Figure A.1: 1 H-NMR spectra of SSEP 3KC and its precursors. The precursors used CDCl3/TMS as
the solvent, while SSEP spectra were collected in mixtures of deuterated THF and D2O.
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Figure A.2: 1 H-NMR spectra of SSEP 12KC and its precursors. The precursors used CDCl3/TMS as
the solvent, while SSEP spectra were collected in mixtures of deuterated THF and D2O.
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Figure A.3: 1 H-NMR spectra of PSD 13K, SSD 13KA, and SSD 13KC. The precursor used CDCl3 as
the solvent, while SSD spectra were collected in mixtures of deuterated THF and D2O.
Gel Permeation Chromatography (GPC)
GPC was used extensively to report molecular weights and polydispersity indices for the polymers presented
in this work. Individual GPC traces also confirm that
• the polymers are not crosslinking as we apply subsequent polymer-homologous reactions
• the molecular weight distribution is not changing significantly in shape, which would be indicative of
partial crosslinking or degradation.
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Figure A.4: PS-calibrated GPC traces, normalized to the peak height, of SSEP 6KA and its precursors.
PS-PI and PS-EP used chloroform as the mobile phase, and SS-EP 6KA employed THF.
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Figure A.5: PS-calibrated GPC traces, normalized to the peak height, of EPD 15K and its precursor.
PID and EPD used chloroform as the mobile phase.
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Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was conducted for each of the materials presented in the main
article. Figure A.6 shows a representative example of the raw data for the sulfonated SSEP 3K series.
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Figure A.6: Dynamic Scanning Calorimetry of SSEP 3K at various sulfonation levels. Each trace
represents the 3rd cooling cycle scanning at 10
◦C
min between -100 and 200
◦C. While the EP glass
transition is clearly visible there is no discernable transition for polystyrene sulfone.
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Table A.1: Order-disorder transition temperature TODT for EPD diblock copolymers as determined from
the dynamic elastic modulus.
Sample TODT ,◦C
EPD 6K 37
EPD 9K 147
EPD 11K 245
EPD 12K > 300
EPD 15K > 300
Linear Melt Rheology: Isochronal Temperature Scans
The dynamic elastic modulus G′(ω,T ) of EPD specimens was measured as a function of temperature at a
scan rate of 1
◦C
min in the parallel plate configuration of a stress-controlled rheometer at a frequency of 0.5 Hz (pi
rad
s ). G
′(T ) data plotted over the relevant temperature ranges for EPD 6K, 9K, and 11K appears in Figure A.7.
G(T ) for each specimen exhibits a plateau modulus of ≈ 300 Pa until a critical temperature beyond which the
modulus suddenly drops to below the measurement threshold of the instrument; this temperature is known to
correspond to the TODT .207
Small-Angle x-ray Scattering (SAXS)
In the main text of the article we discuss d-spacing data as inferred from SAXS measurements. Here we
produce representative examples of the azimuthally integrated (1D) SAXS patterns.
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Figure A.7: Temperature dependence ( dTdt = 1
◦C
min ) of the isochronal (ω= 3
rad
s ) elastic modulus for EPD
6K, 9K, and 11K.
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Figure A.8: 1D SAXS patterns SSEP 12KC at different temperatures.
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Figure A.9: 1D SAXS patterns of sample SSEP 12K at different sulfonation levels.
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Figure A.10: 1D SAXS patterns, shifted vertically for clarity, of EPD at various temperatures.
169
−4.2 −4 −3.8−3.6−3.4−3.2 −3
−0.20
−0.10
0.00
0.10
SSD 6KA
SSD 6KC
SSD 6KB
SSD 6KD
log10 q2/Å
2
lo
gI
(a
.u
.)
( s
ub
tr
ac
te
d
ba
ck
gr
ou
nd
) 0.8 1.0 1.3 1.6 2.0 2.5 3.2
·10−2q, Å−1
Figure A.11: 1D SAXS patterns for SSD 6K A–D. SSD has an exceptionally small electron scattering
contrast and thus the signal is weak. The data were carefully background and baseline-corrected and
curve-fit as described in the Article to discern as accurately as possible the peak locations as reported
in the Article.
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Abstract
Here we report advances in polymerization technology enabling the synthesis of thermoplastic block copoly-
mers (BCPs) comprised of styrene and soybean oil-derived triglycerides. These new breeds of biopolymers have
elastomeric properties comparable to well-established butadiene-based styrenic BCPs (SBS) commonly used
for asphalt modification. We evaluated the potential of these biopolymers as asphalt modifiers by comparing
two commonly used commercial SBS polymers. Rheology of the asphalt-polymer blends shows the biopolymers
improves the complex shear modulus of the asphalt to a similar and even greater extent as the SBS polymer. How-
ever, the current biopolymer formulation and blending technique produces asphalts with a slightly lower elastic
response than blends prepared with SBS. Our results show excellent potential for the future of these biopolymers
as economically and environmentally favorable alternatives to their petrochemically-derived analogs.
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Introduction
Asphalt cement is commonly modified with poly(styrene-block-butadiene-block-styrene) (SBS), a thermo-
plastic elastomer (TPE). Polymer modification is known to substantially improve the physical and mechanical
properties of asphalt paving mixtures. Polymer modification increases asphalt elasticity at high temperatures,
as a result of an increased storage modulus and a decreased phase angle, which improves rutting resistance.
It also increases the complex modulus, but lowers creep stiffness at low temperatures, improving cracking re-
sistance.208,209 SBS type polymers are typically added to asphalt pavements when additional performance is
desired or when optimizing life cycle costs is warranted. SBS allows for the production of many specialty mixes
including cold mixes, emulsion chip seals, and micro-surface mixes. SBS TPEs are block copolymers (BCPs)
comprised of styrene-butadiene-styrene polymer chains that create an ordered morphology of cylindrical glassy
polystyrene block domains within a rubbery polybutadiene matrix.210 SBS polymers are thermoplastic, meaning
that they can be easily processed at high temperatures due to the linear nature of its chains. Upon cooling, the
rigid polystyrene end-blocks vitrify and act as anchors for the liquid rubbery domains by providing a restoring
force when stretched.211 SBS is incorporated into asphalt through mixing and shearing at high temperatures to
uniformly disperse the polymer. When blended with asphalt binder, the polymer swells within the asphalt maltene
phase to form a continuous tridimensional polymer network.212 At high temperatures, the polymer network be-
comes fluid yet still provides a stiffening effect that increases the modulus of the mixture. At low temperatures,
a crosslinked network within the asphalt redevelops without adversely affecting the low temperature cracking
performance due to the elastic properties of the polybutadiene.213 The resulting performance properties widen
the working temperature range of the binder polymer system. The butadiene monomer used in SBS is derived
from petrochemical feedstocks, a byproduct of ethylene production. It has been rapidly increasing in price, not
only due to increases in the price of crude oil, but also global market shifts in supply and demand. As shale gas
supplies become more abundant, crackers are more commonly using lighter petrochemical feeds such as ethane
to produce ethylene and its co-products. However, using lighter feeds lowers butadiene production, thus tight-
ening the supply (Foster, 2011). Many commercially relevant elastomers require polybutadiene for its soft and
rubbery properties. As a result, there is growing interest in sustainable biopolymers synthesized from plant-based
feedstocks to replace the need for their petrochemical counterparts, specifically the identification of alternative
feedstocks that can be made to mimic the properties of polybutadiene. Linseed, rapeseed, flaxseed, and soybean,
are just some of the agriculturally available biodegradable and renewable resources composed of triglycerides
that can be synthesized into the rubbery component in BCPs. Soybean oil, as an example, is comprised of 86%
of mono- and poly-unsaturated fatty acids - molecules containing the required double bonds for standard poly-
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merization chemistry to produce macromolecules. Nonetheless, the multifunctional nature of soybean oil gives
it the potential to crosslink with other polytriglycerides leading to the formation of a thermoset, an irreversibly
and highly crosslinked polymer. Larock et al. have shown that a variety of plant oils may be successfully poly-
merized via cationic polymerization into thermosets with a broad spectrum of physical properties and aesthetic
appearances.214 In this paper we present the use of polymerized triglycerides to create a polybutadiene replace-
ment and its incorporation with styrene to form thermoplastic elastomeric triblock copolymers. The objective of
this research is to develop a family of biopolymers with similar performance properties as SBS that can be used
to modify asphalt binders.
Biopolymer Synthesis
Triglyceride oils are composed of three fatty acid chains joined by a glycerol center. We make use of triglyc-
erides derived from soybean oil for the synthesis of the BCPs using atom transfer radical polymerization (ATRP),
a procedure developed by Matyjesewski et al215 at the University of Carnegie Melon. ATRP, a controlled radical
polymerization technique, allows for the construction of macromolecules with precisely defined degrees of poly-
merization and the ability to form complex molecular architectures such as block copolymers.216 For the synthe-
sis of the polymers, soybean oil (Renewable Energy Group, Ames, IA) was purified over basic alumina, followed
by the epoxidation of the double bonds and subsequent acrylation to yield acrylated epoxidized soybean oil
(AESO). AESO and styrene were used as the monomers, copper (I) chloride (CuCl) as the catalyst, benzyl chlo-
ride as the initiator, copper (II) chloride as the counter catalyst, N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA) as the ligand, and toluene as the solvent during all polymerizations. ATRP polymerization resulted
in the creation of a hyper-branched, halogen-terminated thermoplastic poly(styrene-block-AESO-block-styrene)
triblock copolymers (S-AESO-S); the halogen termination provides functional sites for further chemistry. Even
though a highly branched polymer does not disperse as finely into asphalt and can be more difficult to incor-
porate in the blend, it is more effective in binder elasticity improvement compared to a linear polymer.208,209
Several polymer parameters determine how a polymer will be effective in asphalt modification; these include
chain architecture, composition, and the molecular weight distribution. SBS copolymers should also meet sev-
eral requirements to be compatible with asphalt: They should be rich in butadiene (generally 60-70%) and the
molecular weight of the styrene fraction must exceed 10,000 to obtain polystyrene (PS) rich domains.217 The
(S-AESO-S) biopolymers produced for this study contained 72% poly(AESO). Figure B.1 shows the increase in
molecular weight (number average) and polydispersity of the a) styrene homopolymer and b) poly(styrene-block-
AESO) diblock as a function of time. After approximately 700 minutes, the molecular weight of the polystyrene
increases well beyond 10,000 daltons and the diblock to 150,000 daltons.
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has a styrene content of 31% by weight of polymer and D1118 has a styrene content 
of 33% by weight of polymer. 
A soft asphalt from a local refinery utilizing a Canadian crude source was used 
as the base asphalt. All asphalt-polymer blends were prepared in the laboratory with 
a Silverson L4RT shear mixer at 3000 rpm. The asphalt was heated to 150°C and 
approximately 500 grams of asphalt was poured into eight different 0.95 Liter 
aluminum cans for eight 500 gram batches.  Polymers were added to the batches at 
3% by total weight of the asphalt-polymer blend.  
Since the optimal blending temperature for the biopolymer was not known, a 
blending temperature study was incorporated into the experimental plan. Two 
batches were prepared with each polymer, with one batch blended for 3 hours at 
180°C and the other batch blended for 3 hours at 200°C. The remaining two batches 
were prepared as the control treatments with no polymer added. One control 
treatment batch was immediately tested after being poured into the aluminum can, 
while the other control treatment batch was first placed in the shear mixer for 3 
hours at 200°C before being tested. No cross-linking agent such as sulfur was used 
during the blending process. The softer base binder should contain a relatively low 
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Figure B.1: Molecular weight nd polydispersity homopolymer as a function of time for a) PS and b)
P(S-b-AESO).
Experimental Plan
To study the effectiveness of the developed S-AESO-S biopolymer as an asphalt modifier, blends of asphalt
modified with the biopolymer were co pared to blends of asphalt modified with two commercia ly available
Kraton R© SBS polymers, D1101 and D1118. Both of these polymers are linear SBS triblock polymers. D1101
has a styrene content of 31% by weight of polymer and D1118 has a styrene content of 33% by weight of
polymer. A soft asphalt from a local refinery utilizing a Canadian crude source was used as the base asphalt. All
asphalt-polymer blends were prepared in the laboratory with a Silverson L4RT shear mixer at 3000 rpm. The
asphalt was heated to 150 ◦C and approximately 500 grams of asphalt was poured into eight different 0.95 Liter
aluminum cans for eight 500 ram batches. Polymers were added to he batches at 3% by total weight of the
asphalt-polymer blend. Since the optimal blending temperature for the biopolymer was not known, a blending
temperature study was incorporated into the experimental plan. Two batches were prepared with each polymer,
with one batch blended for 3 hours at 180◦C and the other batch blended for 3 hours at 200 ◦C. The remaining
two batches were pr pared s the control treatments with no polym r added. One control treatment batch was
immediately tested after being poured into the aluminum can, while the other control treatment batch was first
placed in the shear mixer for 3 hours at 200 ◦C before being t sted. No cross-linking agent such as sulfur was
used during the blending process. The softer base binder should contain a relatively low fraction of asphaltenes
which will result in improved blend compatibility and stability in an SBS polymer system.218
After the asphalt-polymer blends were prepared, the complex modulus (G∗) and phase angle of the blends
were measured at high and low temperatures using the dynamic shear rheometer (DSR) and bending beam
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rheometer (BBR). Next, the Multiple Stress Creep Recovery (MSCR) test was conducted on rolling thin film
oven (RTFO) aged materials by following AASHTO TP 70-11. The test was conducted at 46 ◦C due to the high
temperature grade of the virgin asphalt. The original (no aging) material of each blend was also tested in a DSR
at multiple temperatures and frequencies so master curves could be constructed that characterize the rheological
properties of the asphalt-polymer blends over a wide range of temperatures.
Results and Discussion
The high temperature stiffness of the asphalt-polymer blends before and after aging in the RTFO, 1.0kPa and
2.2kPa respectively, is presented in Figure 2. The virgin asphalt Performance Grade (PG) according to AASHTO
M320 ”Standard Specification for Performance Graded Asphalt Binder” is a 46-34 since the original asphalt has
a governing G*/Sin(?) value of 51.3◦C. After 3 hours of mixing in the shear mill at 200 ◦C, the PG of the virgin
asphalt was only slightly increased with a G ∗ /Sin(δ) value of 52.6 ◦C. This essentially shows the blending
procedure used in this study does not significantly age harden the asphalt and increase the performance grade.
Any increase in complex modulus or decrease in phase angle is mostly caused by the polymer influencing the
rheological properties of the asphalt.
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fraction of asphaltenes which will result in improved blend compatibility and 
stability in an SBS polymer system (Alonso et al., 2010). 
After the asphalt-polymer blends were prepared, the complex modulus (G*) and 
phase angle of the blends were measured at high and low temperatures using the 
dynamic shear rheometer (DSR) and bending beam rheometer (BBR). Next, the 
Multiple Stress Cre p Recovery (MSCR) test was conducted on rolling thin film 
oven (RTFO) aged materials by following AASHTO TP 70-11. The test was 
conducted at 46°C due to the high temperature grade of the virgin asphalt. The 
original (no aging) material of each blend was also tested in a DSR at multiple 
temperatures and frequencies so master curves could be constructed that characterize 
the rheological properties of the asphalt-polymer blends over a wide range of 
temperatures. 
4. Results and Discussion 
The high temperature stiffness of the asphalt-polymer blends before and after 
aging in the RTFO, 1.0kPa and 2.2kPa respectively, is presented in Figure 2. The 
virgin asphalt Performance Grade (PG) according to AASHTO M320 “Standard 
Specification for Performance Graded Asphalt Binder” is a 46-34 since the original 
asphalt has a governing G*/Sin(δ) value of 51.3°C. After 3 hours of mixing in the 
shear mill at 200°C, the PG of the virgin asphalt was only slightly increased with a 
G*/Sin(δ) value of 52.6°C. This essentially shows the blending procedure used in 
this study does not significantly age harden the asphalt and increase the performance 
grade. Any increase in complex modulus or decrease in phase angle is mostly caused 
by the polymer influencing the rheological properties of the asphalt. 
 
 
Figure 2. High temperature performance grade of asphalt-polymer blends 
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Figure B.2: High temperature performance grade of asphalt-polymer blends.
Figure B.2 also shows that raising the blending temperature from 180◦C to 200 ◦C increases the high tem-
perature PG. The two commercial SBS blends performed similarly with D1118 having a slightly higher original
G∗/Sin(δ) value of 62.0 ◦C when blended at 200 ◦C. The increase in blending temperature had the greatest affect
on the biopolymer blend. At 180 ◦C the biopolymer blend original G ∗ /Sin(δ) value was 55.7 ◦C compared to
a value of 62.3 ◦C at 200◦C. A comparison of all the original G ∗ /Sin(δ) values show the biopolymer blended
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at 200◦C has the highest PG temperature. Figure B.3 presents the critical low temperatures with a limiting
creep stiffness (300MPa) and limiting m-value (0.3) determined at a loading time of 60 seconds in the BBR.
The critical low temperature of the virgin asphalt is -36.3◦C and increases one degree to -35.3 ◦C after blending
for 3 hours in the shear mixer. The critical low temperature also increases for each polymer blend when the
blending temperature increased from 180 ◦C to 200 ◦C indicating the increased performance benefits on the high
temperature side were compromised on the low temperature side. With the exception of the biopolymer blends,
each asphalt-polymer blend passed the -34◦C criteria to be graded as a 46-34 asphalt. However, the continuous
grade range in presented in Table 1 shows the grade range of the biopolymer blended at 200 ◦C is only 0.3 ◦C less
than the D1101 SBS and 1.4◦C less than the D1118 SBS. The continuous PG range indicates the temperature
susceptibly of the biopolymers and their physical performance benefit over a working range of temperatures is
very close to the commercially available SBS polymers. These are results before any study has been conducted
to optimize the formulation of the S-AESO-S biopolymer as an asphalt modifier.
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Figure 2 also shows that raising the blending temperature from 180°C to 200°C 
increases the high temperature PG. The two commercial SBS blends performed 
similarly with D1118 having a slightly higher original G*/Sin(δ) value of 62.0°C 
when blended at 200°C. The increase in blending temperature had the greatest affect 
on the biopolymer blend.  At 180°C the biopolymer blend original G*/Sin(δ) value 
was 55.7°C compar d to a value of 62.3°C at 200°C.  A comparison of all the 
original G*/Sin(δ) values show the biopolymer blended at 200°C has the highest PG 
temperature. 
Figure 3 presents the critical low temperatures with a limiting creep stiffness 
(300MPa) and limiting m-value (0.3) determined at a loading time of 60 seconds in 
the BBR. The critical low temperature of the virgin asphalt is -36.3°C and increases 
one degree to -35.3°C after blending for 3 hours in the shear mixer. The critical low 
temperature also increases for each polymer blend when the blending temperature 
increased from 180°C to 200°C indicating th  increased performance benefits on the 
high temperature side were compromised on the low temperature side.  
With the exception of the biopolymer blends, each asphalt-polymer blend passed 
the -34°C criteria to be graded s a 46-34 asphalt. H wev , the continuous grade 
range in presented in Table 1 shows the grade range of the biopolymer blended at 
200°C is only 0.3°C less than the D1101 SBS and 1.4°C less than the D1118 SBS. 
The continuous PG range indicates the temperature susceptibly of the biopolymers 
and their physical performance benefit over a working range of temperatures is very 
close to the commercially available SBS polymers. These are results before any 
study has been conducted to optimize the formulation of the S-AESO-S biopolymer 
as an asphalt modifier.  
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Figure B.3: Low temperature performance grade of asphalt-polymer blends.
Although many transportation state agencies in the United States use a form of AASTHO M-320 as an
acceptance specification of asphalt binders, the high temperature test parameter G ∗ /Sin(δ) has been shown to
not apply a high enough strain level that sufficiently tests polymer modified binders for their rutting resistance.
More recently, the Multiple Stress Creep Recovery (MSCR) test was developed in the United States which uses
the DSR to apply higher levels of strain to capture the stiffening effects and delayed elastic response of the
polymer in a polymer modified asphalt.219
The non-recoverable creep compliance (Jnr) calculated from the MSCR test is presented in Figure B.4. The
commercial asphalt-polymer blends and biopolymer blend at 200 ◦C have the lowest Jnr values. Lower Jnr values
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Table B.1: Continuous PG range of asphalt-polymer blends.
Asphalt-Polymer Blend Continuous Grade Range, ( ◦C)
46-34 Original 87.6
46-34 blended at 200 ◦C 86.7
D1101 blended at 180 ◦C 94.2
D1118 blended at 200 ◦C 95.5
D1101 blended at 180 ◦C 94.0
D1118 blended at 200 ◦C 96.6
S-AESO-S Biopolymer blended at 180 ◦C 89.5
S-AESO-S Biopolymer blended at 200 ◦C 95.2
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Table 1. Continuous PG range of asphalt-polymer blends 
 
Asphalt-Polymer Blend 
Continuous Grade 
Range, (°C) 
46-34 Original 87.6 
46-34 blended at 200°C 86.7 
D1101 blended at 180°C 94.2 
D1118 blended at 200°C 95.5 
D1101 blended at 180°C 94.0 
D1118 blended at 200°C 96.6 
S-AESO-S Biopolymer blended at 180°C 89.5 
S-AESO-S Biopolymer blended at 200°C 95.2 
 
 
Although many tra sportation state agencies in the United States use a form of 
AASTHO M-320 as an acceptance specification of asphalt binders, the high 
temperature test parameter G*/Sin(δ) has been shown to not apply a high enough 
strain level that sufficiently tests polymer modified binders for their rutting 
resistance. More recently, the Multiple Stress Creep Recovery (MSCR) test was 
developed in the United States which uses the DSR to apply higher levels of strain 
to capture the stiffening effects and delayed elastic response of the polymer in a 
polymer modified asphalt (D’Angelo et al., 2007). 
 
 
Figure 4. Non-recoverable creep compliance (Jnr) values  
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Figure B.4: Non-recoverable creep compliance (Jnr) values.
indicate good resistance to rutting. The biopolymer blends along with the commercial blends at 200◦C meet the
highest traffic level criteria of ”Extremely Heavy Traffic” since their Jnr values fall below 0.5kPa. In addition to
the Jnr values, the MSCR test also measures the ”recovery” value which indicates the percent strain recovered
during the test. Higher percentages of strain recovery indicate the presence of an elastomeric polymer and
the quality of the asphalt-polymer blend. In Figure 5, the higher blending temperature appears to improve the
polymer network established in the binder. Similar results were found by D’Angelo and Dongre220 in an SBS
blending study using the MSCR test. The results of this test also show the contrast in elastic recovery between
the commercial polymer blends (47.8% for D1101 and 48.6% for D1118) and the biopolymer blend (21.1%) at
the higher blending temperature.
Figure B.6 plots the MSCR recovery as a function of Jnr. The curve in the plot represents the recommended
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The non-recoverable creep compliance (Jnr) calculated from the MSCR test is 
presented in Figure 4. The commerical asphalt-polymer blends and biopolymer 
blend at 200°C have the lowest Jnr values. Lower Jnr values indicate good resistance 
to rutting. The biopolymer blends along with the commerical blends at 200°C meet 
the highest traffic level criteria of “Extremely Heavy Traffic” since their Jnr values 
fall below 0.5kPa.  
In addition to the Jnr values, the MSCR test also measures the “recovery” value 
which indicates the percent strain recovered during the test. Higher percentages of 
strain recovery indicate the presence of an elastomeric polymer and the quality of 
the asphalt-polymer blend. In Figure 5, the higher blending temperature appears to 
improve the polymer network established in the binder. Similar results were found 
by D’Angelo and Dongre (2009) in an SBS blending study using the MSCR test. 
The results of this test also show the contrast in elastic recovery between the 
commercial polymer blends (47.8% for D1101 and 48.6% for D1118) and the 
biopolymer blend (21.1%) at the higher blending temperature. 
 
 
Figure 5. Percent recovery of asphalt-polymer blends  
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Figure B.5: Percent recovery of asphalt-polymer blends.
minimum percent recovery values a polymer modified asphalt should ha e for sufficient delayed elastic response.
Values that plot above the line indicate the presence of an elastomeric polymer and a quality blend. The biopoly-
mer percent recovery does not plot above the curve which means the blending procedure and/or biopolymer
formulation can be improved upon with further research. The commercial polymers are linear and therefore
should be more compatible with an asphalt binder than a radial polymer when a crosslinking agent is not used.
In contrast, the biopolymer has a highly branched network due to the polytriglycerides. A crosslinking agent
may improve the ability of the biopolymer to form an evenly dispersed and slightly crosslinked network in the
asphalt.
Master curves used to analyze the rheological properties of the asphalt-polymer blends were constructed
from data using the DSR. Frequency sweeps were conducted on 25 mm plate samples in the materials linear
viscoelastic range from 0.1 Hz to 50 Hz at 6 ◦C intervals from 16 ◦C to 70◦C. The master curve for the complex
shear modulus (G*) data was constructed using Excel Solver. G∗ isochrones were shifted to fit the Williams-
Landel-Ferry (WLF) model with 40◦C as the reference temperature. The shift factors were then used to shift the
phase angle data to build the phase angle master curve. Equation EQN. (B.1) presents the WLF equation.
LogaT =
−c1(T −Tr)
c2+T −Tr (B.1)
where: aT = shift factor, C1 and C2 = constants, Tr = reference temperature, and T = temperature of the
material. The shear modulus master curves in Figure B.7 shows the biopolymer increases the stiffness of the
virgin asphalt across a wide frequency range. In Figure B.8, the biopolymer also reduces the phase angle of the
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not used. In contrast, the biopolymer has a highly branched network due to the 
polytriglycerides. A crosslinking agent may improve the ability of the biopolymer to 
form an evenly dispersed and slightly crosslinked network in the asphalt. 
 
 
 
Figure 6. Percent recovery versus non-recoverable creep compliance 
 
 
Master curves used to analyze the rheological properties of the asphalt-polymer 
blends were constructed from data using the DSR. Frequency sweeps were 
conducted on 25 mm plate samples in the materials linear viscoelastic range from 
0.1 Hz to 50 Hz at 6°C intervals from 16°C to 70°C. The master curve for the 
complex shear modulus (G*) data was constructed using Excel Solver. G* 
isochrones were shifted to fit the Williams-Landel-Ferry (WLF) model with 40°C as 
the reference temperature. The shift factors were then used to shift the phase angle 
data to build the phase angle master curve. Equation 1 presents the WLF equation. 
        
         
       
 [1] 
where;   = shift factor, C1 and C2= constants, Tr= reference temperature, and T= 
temperature of the material. 
The shear modulus master curves in Figure 7 shows the biopolymer increases the 
stiffness of the virgin asphalt across a wide frequency range. In Figure 8, the 
biopolymer also reduces the phase angle of the asphalt, but not to levels as low as 
the two SBS polymers. In Figure 8, the asphalt modifed with the two SBS polymers 
have a dip in the phase angle showing evidence of the polymer rubbery plateau. 
There does not appear to be any evidence of the rubbery plateau in the biopolymer 
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Figure B.6: Percent recovery versus non-recoverable creep compliance.
asphalt, but not to levels as low as the two SBS polymers. In Figure B.8, the asphalt modifed with the two SBS
polymers have a dip in the phase angle showing evidence of the polymer rubbery plateau. There does not appear
to be any evidence of the rubbery plateau in the biopolymer
modified asphalt. Similar to the MSCR recovery values, this data in icates the biopolymer may not be pro-
viding the asphalt with a sufficient elastic response. The lowered phase angle may be the result of the stiffening
effect from the glassy polystyrene phase. To improve the elasticity of the biopolymer-asphalt blends, future
studies will be conducted on the blending procedure and formulation of the biopolymer.
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Figure 7. Percent recovery versus non-recoverable creep compliance 
 
 
 
Figure 8. Percent recovery versus non-recoverable creep compliance 
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Figure B.7: Percent recovery versus non-recoverable creep compliance.
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Figure 8. Percent recovery versus non-recoverable creep compliance 
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Figure B.8: Percent recovery versus non-recoverable creep compliance.
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Conclusions
Recent advances in polymerization technology have led to the development of thermoplastic elastomeric
block copolymers produced with polystyrene and polymerized soy-derived triglycerides, in contrast to the past
two decades plant-oil based polymer research that has yielded only thermosets. Using the polymerized triglyc-
erides, SBS-like triblock copolymers were produced where the ”B” block was replaced with polymerized soybean
oil. ATRP polymerization technique was used to synthesize the biopolymers as it allows for the construction of
macromolecules with precisely defined degrees of polymerization and the ability to form complex molecular
architectures such as block copolymers. A laboratory investigation was conducted to evaluate the effectiveness
of the newly derived S-AESO-S biopolymer as an asphalt modifier and to compare biopolymer asphalt blends
against asphalt modified with two commercially available Kraton R© linear SBS polymers. All asphalt-polymer
blends were prepared with a base asphalt modified with 3% polymer. Rheology test results show the ability of the
biopolymer to widen the grade range of asphalt almost identically as the commercially available SBS polymers,
with the exception of increasing the low critical temperature 1.4 ◦C higher than the D1118 SBS polymer. The
MSCR test results also show the biopolymer can lower the Jnr value as low as the two commercially available
SBS polymers can. The biopolymer and the SBS polymers did show differences in performance when measured
for their elastic response in the MSCR test and their phase angle at different temperatures. The current formu-
lation of the biopolymer did not appear to indicate a rubbery plateau in the asphalt-polymer blend phase-angle
master curve and only provided a 21.1% MSCR recovery compared to the 48.6% elastic recovery provided by
the D1118 SBS polymer. However, the commercially available SBS polymers used in this study were linear
while the biopolymer was highly branched. A crosslinking agent such as sulfur was not used during blending.
The future use of a crosslinking agent may improve the blend compatibility of the biopolymer more so than the
commercial polymers because of the branched network in the biopolymer. Furthermore, the formulation of the
biopolymer has not yet been optimized for asphalt blending. Future research can improve upon its molecular
architecture, styrene content, and molecular weight distribution to ultimately produce an SBS biopolymer that
modifies asphalt similarly to petrochemical based SBS polymers.
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